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Natural self-assembly processes provide nanofabrication capabilities for designing surfaces 
with nanoscale control of surface chemistry and relative orientation of the nanomaterials on the 
surfaces. Particle lithography was used to produce periodic arrays of protein nanostructures. 
Monodisperse mesoparticles can be applied to rapidly prepare millions of uniform protein 
nanostructures on flat surfaces using the conventional benchtop chemistry steps of mixing, 
centrifuging, evaporation and drying. Nanopatterns of bovine serum albumin and staphylococcal 
protein A were produced with particle lithography. The immobilized proteins remain attached to 
the surface and form nanopatterns over micron areas corresponding to the thickness of a single 
layer of proteins. The morphology and diameter of the protein nanostructures are tunable by 
selecting the ratios of protein-to-particle and the diameters of spheres.  
Organosilane nanopatterns were fabricated using particle lithography combined with vapor 
deposition to regulate surface chemistry. Colloidal masks produced by particle lithography 
enable to control and direct the placement of nanoscopic residues of water for hydrosilation. 
Different geometries of silane nanostructures depend on the length of drying for particle masks. 
Organosilanes form covalent bonds with the surface through hydrolysis, which provide an 
excellent platform for further steps of chemical modification. The head groups of organosilane 
nanopatterns can be designed to generate spatial selectivity for electroless deposition of iron 
oxide and selective adsorption of gold nanoparticles.  
New imaging strategies using atomic force microscopy (AFM) were developed for mapping 
magnetic domains and elastic compliance at size regimes below 100 nm. The AFM-based 
imaging mode is referred to as magnetic sample modulation (MSM). The AFM tip serves as a 
force and motion sensor for mapping the vibrational response of magnetic nanomaterials. The 
 x
information acquired from MSM images includes the distribution of individual magnetic 
domains as well as spectra of the characteristic resonance frequencies of the vibrating 
nanomaterials. Indirect magnetic modulation (IMM) based on indirect oscillation of soft 
nonmagnetic cantilevers was used to investigate elastic response of organosilane nanostructures. 
With the use of IMM, dynamic parameters of the driving frequencies and amplitude of the tip 
motion can be optimized to sensitively map the elastic response of samples.  
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CHAPTER 1. INTRODUCTION 
Engineering surface chemistry at the nanoscale poses a fundamental challenge for 
applications in the emerging fields of nanoscience and nanotechnology.1-3 Regulating the 
composition and distribution of functional chemical groups on surfaces is an important strategy 
for directing the adsorption of nanomaterials with spatial selectivity.4-7 A number of lithography 
methods have been advanced towards development of well-defined nanoscale architectures.  For 
developing methods of lithography at the nanoscale, the critical issues to be considered are 
reproducibility, resolution, reliability, fabrication speed and throughput. Fabrication of nanosized 
structures on surfaces provides new possibilities for investigating the size-dependent properties 
of nanomaterials and thin films.6, 8-10 Various imaging modes of atomic force microscopy (AFM) 
can be applied for characterizing designed nanoscale test structures, to enable systematic 
investigations of the changes in  properties as a function of geometry and dimensions.11-14 The 
investigations described in this dissertation applied a strategy of combining nanoscale 
lithography with AFM characterizations, to generate well-defined test platforms for molecular-
level measurements. 
1.1 Background – Development of Methods for Nanoscale Lithography 
Various lithographies have been developed to generate well-defined structures of organic 
thin films, metals, proteins and nanomaterials, for a broad range of dimensions, as summarized in 
Figure 1.1.  Conventional approaches such as micromachining and photolithography are not 
amenable for fabrication at the sub-100 nm size scale.15  Soft lithography methods such micro-
contact printing have been widely applied as promising high-throughput patterning techniques 
due to the capabilities for achieving nanometer sizes.16 However, fabricating ultrasmall molds 
and masks with regular nanoscale dimensions is difficult and requires expensive laser or e-beam 
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instruments.  Scanning probe lithography (SPL) enables production of regular nanostructures of 
organic thin films; however the slow serial fabrication processes are time-consuming.  It is 
unlikely that SPL will achieve the high throughput needed to prepare millions of nanostructures 
for device manufacture.17-21  
 
Figure 1.1 Dimensions achievable by micro- and nanofabrication approaches. 
1.2 Particle Lithography 
Particle lithography provides a number of advantages compared to other established 
lithographies, such as uniform geometry, high throughput, and reproducibility.  Particle 
lithography uses the close-packed arrangement of spherical particles to produce ordered arrays of 
regular nanostructures.22, 23 Monodisperse spheres self-assemble on flat surfaces into periodic 
structures with designed dimensions and interparticle spacing which can then be used as 
structural templates or evaporative masks to guide the deposition of various materials.24-30  
To regulate the position of nanomaterials on surfaces, particle lithography provides a way to 
fabricate nanostructures with well-defined functionality and geometry. Chapter two describes the 
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capabilities of particle lithography for generating regular protein nanostructures.31, 32 The 
arrangements and surface coverage of proteins on surfaces is determined by the close-packed 
structural templates of monodisperse latex mesospheres.  Conventional steps of bench chemistry 
for mixing, centrifuging, drying and rinsing during particle lithography provide exquisite control 
for the surface coverage and periodicity of protein nanopatterns.  The periodicity of the protein 
nanostructures is tunable by selecting the sizes of mesospheres. The morphologies of 
nanopatterns can be tailored by changing the protein-to-particle ratios, providing arrays of 
exquisitely uniform and regular protein nanostructures. 
1.3 Nanopatterns of Organosilane Self-Assembled Monolayers 
A requirement for defining surface chemistry at the nanoscale is the ability to create 
geometrically well-defined architectures with the desired chemical functionalities. Self-
assembled monolayers (SAMs) of organosilanes provide a means to design surface chemistries 
to resist or adsorb nanomaterials in further reaction steps.33-35 Particle lithography was combined 
with vapor deposition to generate organosilane nanopatterns on various substrates.36-38 For 
organosilanes to bind to surfaces, nanoscopic amounts of water are needed to initiate silane 
hydrolysis.  Evaporative masks of latex or colloidal silica mesoparticles prepared by particle 
lithography were used to direct the placement of nanoscopic residues of water.  Drying intervals 
of the masks were used to regulate the nanoscopic amounts of water present on surfaces. Chapter 
three reports the differences in the morphologies of organosilane nanopatterns observed for 
different drying conditions.36 The surface coverage and pattern geometry, as well as surface 
functionalities were evaluated using AFM characterizations. 
Typical substrates used for preparing SAMs of organosilanes are silicon, quartz, glass, 
metal oxides and mica.  Most typically, free hydroxyl groups on surfaces are required to form 
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SAMs of organosilanes.  Chapter four demonstrates that organosilane nanostructures can be 
generated on gold, which is a substrate devoid of hydroxyl groups.37  Pre-treatment of gold films 
with UV-irradiation renders the surface to be sufficiently hydrophilic for particle lithography. 
Close-packed films of monodisperse latex mesoparticles provide an evaporative mask to 
spatially direct the placement of nanoscopic amounts of water on surfaces.  Vapor phase 
organosilanes deposit selectively at areas of the surface containing water residues, forming 
nanopatterns with regular thickness, geometry and periodicity. 
1.4 Further Reaction Steps with Organosilane Nanostructures 
Surfaces with well-defined nanopatterns provide a platform to spatially define locations for 
further chemical steps, such as reactions with proteins, metals, nanoparticles and organic 
molecules.  The chemistry presented at the surface of nanopatterns can be designed by choosing 
from a broad and diverse range of organosilane functionalities.  Organosilane nanopatterns 
prepared by particle lithography provide a foundation to direct and confine the adsorption of new 
molecules and nanomaterials with designed geometry and periodicity.38 Engineered nanopatterns 
of adhesive and resistive silane SAMs offer exquisite surface selectivity which can be further 
used as a platform for site-selective adsorption of metals.39, 40 Arrays of iron oxide nanostructures 
fabricated using electroless deposition onto nanopatterned surfaces will be described in chapter 
five.39 The head groups of organosilanes enable exquisite selectivity for the deposition of iron 
oxide.  The well-defined geometries of organosilane nanopatterns define sites for electroless 
deposition of iron oxide.  The periodicity of the iron oxide nanostructures is determined by the 
diameter of mesospheres used for particle lithography.  Arrays of iron oxide nanostructures 
conform precisely to the selected areas of patterned organosilanes with reproducible and near-
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perfect nanoscale geometries, which can then be used as a test platform for investigating 
nanomagnetism.40 
1.5 Characterization of Metal Nanostructures Using Magnetic Sample Modulation AFM 
Studies of the size-scaling effects of nanomaterial properties are an important direction for 
surface investigations. However, the difficulties for characterizing properties at very small 
dimensions must be overcome.5, 8, 41, 42 A key strategy for investigating properties of 
nanomaterials is to produce arrays of regular nanostructures as test platforms with tailorable 
sizes and spacing.9, 43, 44 The combination of nanofabrication and AFM enables investigations of 
structure/property relationships and measurements of size-dependent properties.  Chapters six 
and seven demonstrate that periodic arrays of nanostructures can be used to evaluate new 
strategies for nanoscale measurements and imaging with AFM.  A new imaging mode of 
magnetic sample modulation (MSM) was developed to map magnetic nanomaterials with 
dimensions less than 100 nm.40 Arrays of iron oxide nanostructures produced using particle 
lithography and electroless deposition were used to develop and evaluate the capabilities of 
MSM.  When an oscillating electromagnetic field is applied to arrays of iron oxide 
nanostructures, the magnetic nanostructures are selectively driven to vibrate.  A non-magnetic 
AFM tip serves as a force and motion sensor for mapping the vibrational response of iron oxide 
nanostructures.  Changes in the phase and amplitude images with and without an applied 
magnetic field are used to selectively detect magnetic domains of iron oxide. The information 
acquired from MSM images includes the distribution of individual magnetic domains as well as 
spectra of the characteristic resonance frequencies of the vibrating nanomaterials. Chapter six 
describes the operating principle of the MSM imaging mode and the capabilities of MSM for 
characterizing magnetic nanomaterials. 
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1.6 Characterizations of Nanostructures Using Indirect Magnetic Modulation AFM 
Nanoscale investigations of the mechanical properties of thin films and surface structures, 
e.g. viscoadhesion and elasticity, are important for development of new engineered materials.  
New capabilities for evaluating the elastic compliance and viscoelastic behavior of organic thin 
films can be accomplished using various dynamic AFM imaging modes.  We have developed a 
new set-up for force modulation AFM imaging mode based on an instrument configuration with 
indirect magnetic modulation (IMM).45 Chapter seven demonstrates successful characterizations 
of the elastic response of organosilane nanostructures using IMM.  For IMM, an AFM tip is 
driven to vibrate indirectly by the motion of a tip holder assembly which contains ferromagnetic 
materials.  The entire tip assembly is induced to vibrate by the flux of an external AC 
electromagnetic field.  With IMM, dynamic parameters of the driving frequencies and amplitude 
of the tip motion can be optimized to sensitively map the elastic response of organosilane 
nanostructures. 
1.7 Dissertation Synopsis 
New approaches for particle lithography have been advanced to generate well-defined 
surfaces with desired functionalities and geometries.  The position and spatial distribution of 
nanomaterials can be controlled at the nanoscale with mesoparticle masks/templates prepared by 
particle lithography.  The spatial selectivity provided by particle lithography was used for further 
chemical reactions to deposit proteins, metals and nanoparticles.  New AFM imaging modes 
were developed, which provide insight into size-dependent properties and provide new tools for 
nanoscale investigations of surface properties. 
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CHAPTER 2. FABRICATION OF NANOPATTERNED FILMS OF BOVINE SERUM 
ALBUMIN AND STAPHYLOCOCCAL PROTEIN A USING LATEX PARTICLE 
LITHOGRAPHY 
2.1 Introduction 
Particle lithography is an approach for patterning surfaces which exploits the natural 
assembly of spherical particles into organized 2-D or 3-D crystals. Monodisperse latex particles 
self-assemble into periodic structures on flat surfaces, which can then be used as structural 
templates or photomasks.46, 47 Particle lithography is a versatile approach for producing 
nanoscale features spanning large areas, and has been used to pattern metals,41, 48-54 catalysts,55 
self-assembled monolayers (SAMs),56, 57 polymers27, 58-60 and inorganic materials.24-26, 61-63 The 
latex particles typically are removed by calcination or solvent dissolution. Potential applications 
include biosensing,64, 65 photonic crystals23, 66-69 and optical gratings.70 Researchers have applied 
lithography with latex beads as photomasks, to construct functional surfaces for selective protein 
adsorption on well-defined regions.71, 72 Particle lithography also can be applied for organizing 
proteins on surfaces to generate periodic arrays of protein nanostructures, with superb control of 
the distribution of proteins within a single layer over micron-sized areas.30 
Tools for nano- and microfabrication will provide important contributions in developing 
biochip and biosensing technologies, as well as supply basic research in protein–protein 
interactions. Nanoscale studies can be applied to refine critical parameters used to link and 
organize proteins on surfaces of biochips and biosensors. Miniaturization provides rewards of 
reduced quantities of analytes and reagents, increased density of sensor and chip elements, and 
more rapid reaction response.73-76 Protein microarrays based on AFM detection may soon reach  
Reproduced with permission from the Royal Society of Chemistry 
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capabilities for routinely achieving single molecule detection. Ultra small protein patterns can be 
used in biosensing, control of cell adhesion and growth, and in biochip fabrication.77-79 
Technologies for protein arrays including protein-based biochip and biosensing devices are 
predicted to bring advancements to biotechnology, clinical diagnostics, tissue engineering, and 
targeted drug delivery.80-82 With the rapid progress in development of large sets of characterized 
antibodies, protein and antibody arrays will provide tremendous advantages for diagnostics and 
medical science. Methods of high-throughput protein analysis offer immense potential for fast, 
direct and quantitative detection, including the possibility of screening thousands of proteins 
within a single sample to test for protein, ligand, and drug interactions.81, 82 Biomolecules 
immobilized on a surface serve as the receptor and in some cases as the signal transducer in 
biosensors. Therefore, the placement of biological ligands in precisely defined locations can 
increase the density of sensor elements and lead to improved detection limits with molecular 
level control of the surface reactivity.74, 83 As a proof-of-concept, Wolinsky, Mirkin and 
coworkers have reported a nanometer-scale antibody array prepared by DPN to test for the 
presence of the human immunodeficiency virus type 1 (HIV-1) in blood samples.84 Antibodies 
for HIV-1 were immobilized on carboxylate-terminated nanopatterns for hybridizing (HIV-1 p24) 
antigen and bound proteins. With a nanoarray of 100 nm features written by DPN, the three-
component sandwich assay exceeded the limit of detection of conventional enzyme-linked 
immunosorbent assay (ELISA) immunoassays by 1000-fold. Improved binding to surfaces onto 
which capture proteins are arrayed and improved sensitivity of detection are technical challenges 
for further advancing protein microarray technology. 
At the core of biosensing is detection of biomolecular binding events with high selectivity 
and sensitivity. Typically, bioassays for surface-bound proteins are not as sensitive as approaches 
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which use solution chemistry, due in part to the accessibility of molecules for binding. Pressing 
the limits of protein patterning to the nanometer scale will furnish direct views of the differences 
in immobilization chemistries, which will aid development of more sensitive assays. 
Conventionally, biosensors and biochips are produced using microspotting or solution deposition 
to place proteins on various surfaces, without control of the placement and arrangement of target 
proteins within protein deposits. There is a requirement for efficient yet mild immobilization 
chemistries which preserve tertiary structure and maximize the activity of fragile biomolecules. 
Thus, to generate nanopatterns of proteins it is desirable to use mild aqueous conditions, with 
simple steps to rapidly generate viable surfaces. Simple physical adsorption is the most widely 
used method to generate protein spots for biochip surfaces. Particle lithography is a highly 
reproducible approach for patterning proteins using mild conditions and offers advantages of 
high throughput and reproducibility to generate a single layer of protein nanostructures over 
wide areas. The size, shape and spacing of features can be systematically varied by changing the 
diameter of the latex particles. Using latex particles to control the arrangement of proteins on 
surfaces is a practical technology which is amenable to microspotting or immersion methods 
used for protein microarrays and biochips. Latex bead immobilization has been applied in 
spotting solutions to create microarrays for detection of antibodies.85 Particle lithography offers 
the advantages of nanometer precision and high throughput, since a small vial of solution can 
produce hundreds of replicate samples. In this investigation, latex particle lithography is applied 
for nanopatterning proteins and mixtures of BSA and protein A. Atomic force microscopy (AFM) 
images display the morphology of patterned proteins. Nanostructured protein layers formed 
using particle lithography may be suitable for application in surface-bound immunoassays with 
advantages for quantitative evaluation with well-defined surface arrangements of proteins. 
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2.2 Experimental Approach 
2.2.1 Materials and Reagents 
Staphylococcal protein A (SpA) from Staphylococcus aureus and bovine serum albumin 
(BSA), were purchased from Sigma Biochemicals (St. Louis, MO, USA). Solutions of 2.0 mg 
mL−1 BSA and 0.1 mg mL−1 SpA were prepared with deionized water (Milli-Q, 18 megaohm). 
Pieces of freshly cleaved Ruby muscovite mica were used as substrates (S&J Trading Co., NY). 
Mica can be easily cleaved to produce clean, atomically flat surfaces for protein deposition. 
Monodisperse polystyrene latex solutions were purchased from Duke Scientific (Palo Alto, 
CA). To remove contaminants such as charge stabilizers or surfactants the latex nanospheres 
were washed once with deionized water by using centrifugation. A pellet is formed after 
centrifuging latex suspensions for 10–20 min at 12000 rpm. The pellets can then be resuspended 
in aqueous solutions by vortex mixing. The ratios of protein and latex were controlled by adding 
the appropriate volumes of protein solutions to washed latex pellets. 
2.2.2 Atomic Force Microscopy 
AFM images were acquired in contact mode with a deflection type scanner (PicoSPM) from 
Molecular Imaging (Tempe, AZ). The electronic controllers and software were purchased from 
RHK Technology (Troy, MI). Standard soft silicon nitride cantilevers with force constants 
ranging from 0.06 to 0.16 N m−1 were used for imaging. 
2.2.3 Particle Lithography 
An overview of the steps for particle lithography with proteins is displayed in Figure 2.1. 
First, the protein and latex are mixed together in an aqueous solution. Monodisperse latex 
particles are mixed with aqueous solutions of the desired protein (BSA, IgG or SpA) at a certain 
ratio. For best results, the solution containing protein and latex should remain at room 
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temperature for time intervals no longer than 4 h. (To maintain protein activity the solutions 
should be freshly prepared, and to minimize contaminants, the latex particles should be washed 
to ensure that the particles are free of surfactants.) In the second step, a small volume (10 mL 
cm−2) of the latex and protein solution is deposited at the center of the substrate, using a pipette. 
The liquid spreads out into a thin layer across the surface as it dries. Next, the deposit is dried at 
room temperature. As the water evaporates during drying, a film of protein and latex is formed in 
which the latex nanoparticles assemble together into close-packed crystalline assemblies. After 
the deposits have dried, the latex is rinsed away with deionized water to leave a layer of protein 
nanostructures on the surface. A monolayer of protein remains securely attached to the surface 
with an imprinted pattern of nanostructures. 
 
Figure 2.1 Particle lithography procedures. A drop of solution containing latex and proteins is 
deposited on the surface and allowed to dry. During drying the spheres form organized 
crystalline layers surrounded by protein. Latex particles are removed by rinsing with deionized 
water to form arrays of protein nanostructures. 
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2.3 Results and Discussion 
The hexagonal, close-packed arrangement formed by the natural self-assembly of 
monodisperse spheres is a well-studied phenomenon, which has been exploited for many 
lithographic procedures.23, 86-88 For protein lithography, the organized crystalline arrangement of 
latex nanospheres provides a structural template for forming protein nanopatterns. Since the 
various steps of latex particle lithography can be characterized using AFM or electron 
microscopy, views of latex layers are presented in Figure 2.2 for 500 nm particles. The particles 
for the SEM micrograph (Figure 2.2A) were sputtercoated with 5 nm carbon, and thus do not 
provide sufficient resolution for viewing the protein coatings. The top-view of latex spheres 
(Figure 2.2B) shown by the AFM topography image indicates a rougher surface morphology for 
the protein-coated spheres. The images clearly exhibit a 2-D close-packed organization with 
long-range order, with few defects or missing particles. Depending on the number of latex 
particles deposited the films were shown to form single or multilayers, with typical arrangements 
as in Figure 2. 
 
Figure 2.2 Views of the arrangement of 500 nm latex particles using (A) scanning electron 
microscopy and (B) atomic force microscopy. 
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As shown in Figure 2.3, particle lithography using monodisperse latex nanoparticles can 
produce highly organized, periodic arrays of protein nanostructures. The image reveals a film of 
BSA with circular areas of uncovered substrate where the latex particles were displaced. This 
morphology spans wide areas on the mica substrate. The image presented is representative of 
images from several areas of the samples which were examined by translating the sample stage 
and imaging at different locations. The arrays of protein nanostructures maintain the order and 
periodicity of the latex films. The exquisite capability for producing periodic nanostructures over 
broad areas is viewed for an 11 × 11 μm2 area in Figure 2.3. The periodicity most likely extends 
to even larger regions of the surface, spanning microns, as suggested by SEM images of the latex 
layers in Figure 2.3. The long-range order and periodicity of the structural templates are 
maintained after removal of the latex by rinsing. 
 
Figure 2.3 Three-dimensional AFM image of nanostructures of BSA on mica(0001). 
Example images of arrays of BSA are shown in Figure 2.4 at various protein : latex ratios. 
The 2-D AFM topographs reveal an organized arrangement of circular dark holes, (uncovered 
areas of mica) surrounded by clusters of BSA. The periodicity of the resulting nanopatterns 
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depends on the separation of latex spheres, which is observed to be 5–15% smaller than the 
original latex diameters. This is likely attributable to the shrinking and deformation of latex 
particles during drying. Using 500 nm particles, the ratio of BSA : latex was 61000 : 1 which 
corresponds approximately to a single layer of proteins encapsulating a sphere. The appropriate 
ratios found to be successful for particle lithography have ranged from half of monolayer 
coverage for surrounding spheres to that of two layers, manifesting different morphologies. As 
viewed in the topographs of Figure 2.4A and 2.4B, (1.5 × 1.5 μm2) the periodicity and 
morphology of surface structures are quite different when changing protein :  latex ratios. For 
Figure 2.4B, the ratio corresponds to an incomplete shell of protein surrounding a latex sphere, 
approximately half of a shell. A more dense arrangement of proteins surrounding the base of the 
latex spheres is observed, and the areas show incomplete coverage of protein between the ring-
shaped nanostructures. In contrast, at higher ratios, the cursor profile for Figure 2.4A indicates 
that the thickness of the protein layer is relatively uniform across the surface, completely filling 
in the areas between the cavities where latex particles were displaced. 
The height of the protein layer can be referenced using the uncovered areas of mica as a 
baseline. The cursor measurements of Figure 2.4 indicate a thickness of 3.7 ± 0.2 nm, which 
corresponds well with the dimensions of a single layer of protein. The diameter of BSA is 4.0 nm 
according to X-ray crystallography measurements.89 The periodicity of BSA nanostructures was 
affected by drying intervals and protein : latex ratios. To measure the periodicity, the distances 
between nanopatterns were averaged for at least 200 nanostructures, using several AFM 
topographs from various areas of the surface. For the 500 nm latex particles of Figure 2.4, the 
61000 :  1 ratio resulted in an average periodicity of 422 ± 66 nm, approximately 15 % less than 
the expected distance between latex particles. When using the 30500 :  1 ratio, the periodicity 
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measured 460 ± 78 nm, which is approximately 8 % smaller than the expected 500 nm 
interparticle spacing. A possible explanation of these observed systematic differences may result 
from facilitating a more ordered, tighter packing through changes in solution conditions. 
 
Figure 2.4 Arrays of BSA nanostructures produced with 500 nm latex particles at different ratios. 
(A) AFM topograph and corresponding cursor profile using a protein : latex ratio of 61000 :  1. 
(B) A different morphology is observed using a ratio of 30500 : 1. 
Particle lithography uses mild conditions (ambient temperatures, aqueous buffers), yet 
provides nanometer-level control of the spatial distribution of proteins organized within a single 
surface layer. Even for latex particles as small as 200 nm, particle lithography was applied 
successfully to prepare arrays of BSA nanostructures (Figure 2.5). The periodicity and size of 
uncovered areas is tunable by selecting the latex diameter and protein :  latex ratios. For 200 nm 
spheres, a full monolayer would result from a 9000 :  1 ratio of BSA :  latex. To generate the 
nanostructures viewed in Figure 2.5, a ratio of 4000 :  1 was used to form patterns, which 
corresponds roughly to half of a monolayer shell of proteins encapsulating a 200 nm latex sphere. 
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Note that the image reveals regular triangular and hexagonally shaped arrangements of protein. 
The compression of deformable latex spheres results in a tightly packed, honeycomb 
morphology. The thickness of the protein films measured 3.8 ± 0.2 nm and the average 
periodicity measured 179 ± 44 nm for these conditions. 
 
Figure 2.5 Periodic arrays of BSA nanostructures produced by nanoparticle lithography using 
200 nm latex particles. 
A general observation that can be made is that the surface morphologies were highly 
consistent and reproducible for a given ratio and particle diameter. Once the experimental 
conditions have been chosen, dozens of samples prepared with those chosen conditions exhibited 
similar morphologies. The periodicity was found to vary depending on the rate of drying and 
when using different latex stock solutions from the manufacturer. Particle lithography was also 
successfully applied for nanopatterning rabbit IgG.30 Both IgG and BSA nanopatterns retained 
the ability to bind corresponding specific antibodies. 
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Another important observation was that latex particles were completely removed from the 
surfaces by simple water rinsing. Several factors most likely contribute to the ease of latex 
removal. First, the hydrodynamic radius of latex particles changes upon wetting. The swelling of 
latex particles has been previously observed90, 91 and can cause the diameter of spheres to 
increase as much as 15 %. This increase in particle size serves to rapidly break latex assemblies 
apart and enable the spheres to dislodge from the surface when hydrated. The chemical nature of 
the surface of latex is different when wet, providing weaker adhesion between proteins and the 
surface of the spheres. Another factor is the contact area between a sphere and a plane is 
relatively small. Even with deformation during drying, the area of a sphere anchored to the flat 
surface does not provide enough anchoring bonds to sustain water rinsing. The length of drying 
was found to affect latex removal; samples which have been dried for many days required 
lengthy soaking (~30 min) for the latex to be completely removed. 
Although the steps of the procedure for particle lithography are simple and direct, the 
mechanism for creating protein nanostructures is complex and involves many factors. Variables 
such as the surface charge of the substrates, proteins and latex spheres certainly contribute to the 
regular periodic spacing and distribution of proteins and spheres formed on surfaces. The nature 
of the binding interactions (weak or strong between protein and latex, between protein and the 
substrate, between latex and the substrate) affect the feasibility of particle lithography. For 
example, the binding between latex and mica is sufficiently weak to enable complete removal of 
spheres with rinsing, and the binding of BSA or IgG to mica was strong enough to sustain steps 
of rinsing and immersion in buffers. Surfaces such as aldehyde terminated self-assembled 
monolayers or glass were found to strongly bind latex spheres and were unsuitable for protein 
lithography. Surfaces such as methyl, hydroxyl or carboxyl terminated self-assembled 
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monolayers were unsuitable since both the proteins and latex particles were easily rinsed away. 
Thus far, particle lithography has been successful using either clean Au(111) or mica(0001) 
surfaces. 
It has also been observed from cursor measurements for the systems studied thus far that 
only a single layer of protein remains after rinsing. Although it is likely that protein multilayers 
may be deposited at higher ratios, the protein–protein interactions which form in protein 
multilayers have not been able to persist after rinsing with water or buffers, as evidenced by 
AFM images. By far, the most widely used method of protein immobilization for protein arrays 
uses nonspecific adsorption of proteins dried on solid supports. Forces which nonspecifically 
influence the binding of proteins to almost any substrate include ion bridging, hydration forces, 
hydrophobic forces, and short range attractive or repulsive forces. 
Surface assays typically include a blocking step, such as with the adsorption of bovine 
serum albumin (BSA) to prevent nonspecific binding of proteins. BSA is a globular serum 
protein which is often used in bioassays to backfill uncovered areas of surfaces where proteins 
did not attach. A logical step towards developing a generic approach for protein arrays is to 
deposit mixtures of BSA with the proteins for assays. The protein chosen is staphylococcal 
protein A (SpA) which contains five homologous IgG-binding domains that interact with the Fc 
portion of immunoglobulins from various mammals at neutral pH.92, 93 The bound antibodies can 
be eluted from protein A at acid pH to regenerate immunoaffinity surfaces. Many immunological 
methods have been developed and refined using SpA as a reagent, including 
immunoprecipitation techniques and sandwich immunoassays. SpA has a molecular weight of 
42000 and exhibits an extended shape with an estimated Stokes radius of 4.0 nm.94 Figure 2.6 
displays an AFM topograph (0.5 × 0.5 μm2) of nanopatterns of a mixture of BSA and SpA 
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produced with 200 nm latex particles and a protein-to-latex ratio of (3900 BSA + 1400 SpA) :  (1 
latex). The cursor profile indicates the periodicity of the nanostructures is 167 ± 18 nm, and the 
height of the protein layer measured 6.6 ± 0.8 nm. This thickness corresponds approximately to 
the sum of the dimensions of BSA and SpA, suggesting that a mixed multilayer of protein has 
formed. Future investigations will explore the effect of various BSA :  SpA ratios on the 
nanopattern morphology, and will evaluate changes after binding IgG to SpA. 
 
Figure 2.6 Nanostructures of a mixture of BSA and protein A produced by nanoparticle 
lithography with 200 nm latex particles. 
2.4 Conclusion 
Particle lithography, which has been widely applied for metal, polymer and inorganic 
materials, can also be used to generate protein nanopatterns. Latex particle lithography is a 
highly reproducible and robust method for patterning proteins, and serves as an excellent starting 
point for continuing to develop more complex bioassays. The periodicity and size of 
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nanostructures can be controlled by choosing the latex diameter and protein : latex ratios. 
Particle lithography has been used successfully to create arrays of BSA, IgG and mixed layers of 
BSA and SpA. Future investigations will address the suitability of particle lithography to other 
surfaces and proteins, for application in surface-bound immunoassays. 
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CHAPTER 3. ELUCIDATING THE ROLE OF SURFACE HYDROLYSIS IN 
PREPARING ORGANOSILANE NANOSTRUCTURES VIA PARTICLE 
LITHOGRAPHY 
3.1 Introduction 
The great promise of nanotechnology relies on capabilities to organize nanomaterials on 
surfaces to create assemblies with designed surface properties.1-3 Currently, it is a challenge to 
control surface chemistry at the nanoscale for preparing functional systems for electronic,4 
optoelectronic,5 biological,6 or sensing95 applications. Nanoscale lithography methods will 
facilitate development of well-defined molecular architectures that can be applied for devices 
such as protein chips18, 96 or molecular junctions.97-100 We have developed a new method for 
nanopatterning organosilanes using vapor deposition and particle lithography. Using colloidal 
masks produced by particle lithography, the placement of nanoscopic residues of water can be 
well-controlled to spatially direct the sites for hydrolysis of organosilanes. Silane nanopatterns 
produced by particle lithography exhibit highly reproducible geometries and enable nanoscale 
control of the surface chemistry of nanostructures. 
Self-assembled monolayers (SAMs) furnish a model platform for engineering surfaces at the 
molecular level.34, 101 Due to the ease of preparation and well-ordered structures, SAMs of n-
alkanethiols102 and n-alkylsilanes33 have been used for surface modification, protein adsorption, 
and molecular device fabrication.35, 103 Films of organosilanes resist oxidative and thermal 
degradation. The alkyl chain length and terminal moieties of silane SAMs can be tailored to suit 
experimental requirements. The covalent nature of siloxane bonds within silane SAMs provides 
stability and durability for nanostructures. Silane SAMs form siloxane bonds that anchor to the  
Reproduced with permission from the American Chemical Society. 
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surface and also cross-link to form interconnections with adjacent molecules. There is a 
competition for the formation of Si−O bridges to adjacent molecules, connections to the substrate 
or production of silanols, Si−OH. The amount of cross-linking depends on various conditions of 
sample preparation such as the nature of the substrate and immersion solvent and temperature.104 
The terminal moieties of silanes present various functional groups on surfaces, such as methyl, 
amine, glycol, etc., which offers extensive possibilities for generating SAM nanostructures with 
designed selectivity and reactivity. Substrates that have been used to prepare alkylsilane SAMs 
include silicon oxide, aluminum oxide, germanium oxide, quartz, glass, and mica.34 For 
substrates that contain relatively few hydroxyl groups, such as mica(0001), prehydrolysis of 
alkylsilanes105 or water vapor exposure to the surfaces106 has been used to effect hydrosilation. 
Organosilane monolayers can be prepared from solution107-109 or vapor phase110-112 to form 
densely packed monolayers. The molecular density and film quality of silane SAMs depends on 
parameters such as the amount of water, the temperature, the choice of immersion media, 
adsorption time, the type of organosilane molecule chosen, and the chemical nature of the 
surface.104 In a densely packed silane SAM, the alkyl chains would be oriented nearly 
perpendicular to the substrate with a tilt angle of 0−5° (Figure 3.1).34 A broad range of 
experimental conditions have been used to prepare organosilane layers and consequently the 
molecular organization, packing, and surface properties reported for the resulting structures have 
been inconsistent.104 The self-assembly of octadecyltrichlorosilane (OTS) has been studied 
extensively using ellipsometry,107, 109, 112-116 X-ray reflectometry,109, 117, 118 infrared 
spectroscopies,115, 116, 119 grazing incidence X-ray diffraction (GIXD),118 neutron reflectivity,120 
X-ray photoelectron spectroscopy,114 and atomic force microscopy (AFM).109, 113, 114 In these 
reports, the thickness values ranged from to 2.25 to 2.81 nm for a SAM of OTS. The alkyl chains 
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adopt an all-trans configuration with tilt angle values reported that ranged from 0 to 17°. The 
range of measured values can be attributed to differences in surface coverage and diverse 
methods of sample preparation for OTS. In particular, the amount of water present in solvents is 
a critical parameter which affects formation of an organosilane monolayer.121-123 The role of 
water in forming silane SAMs was reported by Sagiv, who observed that water adsorbed on a 
glass surface is necessary to initiate hydrolysis of OTS.33 If too much water is present, 
polymerization of silanes to form polysiloxanes can occur in solution, rather than forming films 
on surfaces.113, 121, 122 
 
 
Figure 3.1 General structure of organosilane self-assembled monolayers. 
The general steps of the hydrolysis of trichlorosilanes to form SAMs on surfaces are 
outlined in Figure 3.2.33 Alkylsilane molecules react with a trace amount of water to bond 
covalently to surfaces. Silanol molecules produced by hydrolysis adsorb to surface reactive sites 
and undergo a condensation reaction with free hydroxyl groups. Each hydrolyzed silane 
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molecule can form siloxane bonds to anchor to the surface and also connect to neighboring 
molecules to form a network of Si−O−Si bridges. The chlorosilane groups can also convert to 
silanols or form additional linkages to the surface.112 Trace amounts of water are essential to 
form densely packed silane monolayers and the quality of SAMs depends on the degree of 
hydration of the substrate.121, 124, 125 To form organosilane SAMs, it can be difficult to control 
trace amounts of water to consistently produce high quality films with continuous well-packed 
domains of high density. Even ambient humidity can adversely affect the reproducibility of 
forming alkylsilane SAMs. In the absence of water, organosilane SAMs form incomplete 
monolayers and are generally of poor quality. 
 
Figure 3.2 Generalized mechanism for the hydrolysis of trichlorosilanes on surfaces.33 
A range of lithographic approaches have been applied for patterning organosilane 
monolayers. Photolithography with silane SAMs is accomplished by UV irradiation through 
photomasks.15 Silane monolayers in exposed regions can be selectively removed via a 
photocleavage mechanism; the uncovered areas of the surface can then be used for further 
modification with different SAMs. Photolithography can also be applied to change the chemistry 
of surface head groups by UV-activated photochemistry.126 The resolution of SAM patterns 
produced by photolithography is limited by diffraction of light sources and by the dimensions of 
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the photomasks. Electron beam lithography can overcome the diffraction limitation of light 
sources to generate smaller patterns with dimensions less than 100 nm.110, 127, 128 However, e-
beam lithography requires considerable training and expensive instrumentation. Approaches 
using soft lithography, such as microcontact printing with polydimethylsilane (PDMS) stamps 
have been applied successfully for patterning silane monolayers.16, 129 The dimensions of silane 
patterns are limited to the size of the PDMS templates, typically at the micrometer scale. Also, 
one must choose solvents which do not dissolve PDMS for ink solutions. Approaches using 
scanning probe lithography (SPL) including Dip-Pen nanolithography,17, 130 nanoshaving,131, 132 
bias-induced lithography,21 and constructive nanolithography20, 43, 133 have also been applied to 
write nanopatterns of silane SAMs. These methods provide exquisite nanoscale resolution and 
enable us to subsequently visualize the surface morphology with great detail. However, the 
patterns are fabricated one at a time, by slow serial writing processes which are not easily scaled 
to the high throughput and reproducibility needed for device manufacture. 
Particle lithography or nanosphere lithography uses the arrangement of spherical particles to 
produce ordered arrays of regular nanostructures on surfaces.22, 23 Monodisperse spheres self-
assemble on flat surfaces into periodic structures with designed dimensions and interparticle 
spacing, which can then be used as structural templates or masks to guide the deposition of 
metals,48-50 inorganic materials,24-26 polymers, 27, 58, 134 catalysts,55 and proteins.29-31 
Molecules such as n-alkanethiol SAMs have been patterned using particle lithography. 
Colloidal masks were applied in a method of edge-spreading lithography (ESL) to produce 
nanosized rings on gold or silver surfaces.28, 135 For ESL, a PDMS stamp was inked with 
alkanethiols and placed on a film of silica microspheres that had been dried on gold or silver 
surfaces. Alkanethiol molecules were delivered from the surface of the PDMS stamp through the 
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mesoparticle layer to the metal substrate to form circular patterns surrounding the areas masked 
by silica spheres. A method of contact angle lithography (CAL) was developed to produce pore-
shaped structures of silane SAMs using silica particles as masks.136 For this approach, silicon 
substrates coated with a mask of silica colloids were immersed in a toluene solution containing 
silanes. Silane molecules self-assembled in the interstitial areas of the surface between silica 
spheres. Immersion of colloidal masks can be a problem because of the buoyancy of the 
mesoparticles in various liquids. Silica and latex spheres rapidly detach from surfaces during 
immersion steps of particle lithography. 
3.2 Experimental Approach 
We introduce a new approach for patterning silane SAMs that combines particle lithography 
with vapor deposition to generate nanopatterns. The procedural steps are outlined in Figure 3.3. 
First, solutions containing monodisperse latex particles (Duke Scientific, Palo Alto, CA) are 
deposited on ultraflat surfaces. Ruby muscovite mica (Sand J and Trading Co., NY) and double-
sided polished silicon(111) doped with boron (Virginia Semiconductor Inc., Fredericksburg, VA) 
were used for our investigations. Size-sorted monodisperse latex mesospheres (Duke Scientific, 
Palo Alto, CA) were initially washed with deionized water by centrifugation. The spheres form a 
pellet at the bottom of a microcentrifuge tube, which can then be resuspended in deionized water. 
Next, a drop of the mesoparticle suspension is placed on a substrate and dried at room 
temperature. As water evaporates during drying, capillary forces pull the mesospheres together to 
form organized crystalline layers on flat surfaces (Figure 3.3A).137 The dried film of 
mesospheres provides a mask for evaporation. The dried masks of colloidal silica spheres are 
then placed into a sealed vessel containing a few drops of the alkylsilanes to be patterned. The 
molecules used for preparing nanopatterns, octadecyltrichlorosilane (OTS), 2-
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[methoxy(polyethyleneoxy)propyl]trichlorosilane (PEG-silane), and N-(6-
aminohexyl)aminopropyltrimethoxysilane (AAPTMS) were purchased from Gelest (Morrisville, 
PA). To generate a vapor, the reaction vessel was placed in an oven at 70 to 80 °C under ambient 
pressure (Figure 3.3B). During vapor deposition, organosilanes adsorb through self-assembly 
onto uncovered interstitial areas of the surface between latex spheres. The area of contact 
between the substrate and the base of the spheres is effectively masked to produce patterns with 
circular geometries. In the final step, the latex masks are removed completely by sonication and 
rinsing in ethanol (Pharmco, Aaper, TX). The silanes bond covalently to the substrates and are 
not displaced from the surface by the rinsing step. Depending on the drying parameters, arrays of 
rings or pore-shaped silane nanostructures are generated (Figure 3.3C). 
 
Figure 3.3 Steps of the new procedure for particle lithography. (A) A dried film of monodisperse 
latex spheres provides a mask for vapor deposition. (B) A vapor of alkylsilanes is generated by 
heating a sealed vessel. (C) The latex mask is rinsed away to reveal silane nanopatterns. 
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Silane nanostructures were imaged with a model 5500 atomic force microscope (AFM) 
(Agilent Technologies, Tempe, AZ) using acoustic AC-mode imaging, which operates the 
cantilever in the intermittent contact regime. For AC-mode AFM, the oscillation of the AFM tip 
is driven by applying an AC voltage to a piezoactuator. Rectangular silicon nitride cantilevers 
with force constants ranging from 21 to 98 N m-1 and a resonance frequency of 165 kHz were 
purchased from Nanosensors (Lady’s Island, SC) and used for acoustic AC-mode imaging. 
Images were processed using Gwyddion (version 2.9) open source software, which is freely 
available on the Internet and supported by the Czech Metrology Institute.138 
3.3 Results and Discussion 
The surface coverage and geometry of OTS nanostructures on mica exhibit distinct 
differences when the latex masks were dried under different conditions (Figure 3.4). For latex 
masks that were dried briefly (20−60 min), arrays of OTS nanopatterns with pore-shaped 
morphologies were produced as shown in the AFM topography images of Figure 3.4A and B. A 
film of OTS with circular areas of uncovered substrate is revealed where the latex spheres were 
displaced. The thickness of the OTS layer is relatively even across the surface, uniformly 
covering the areas between the cavities where latex particles were displaced. The thickness of the 
film measures 2.2 ± 0.3 nm, referencing the uncovered areas of the substrate as a baseline 
(Figure 3.4C). Measurements of the periodicity of the nanopatterns were calculated by averaging 
the distances between the centers of the pores for at least 200 nanostructures from several 
representative areas of the surface. The average periodicity of OTS pores for the examples in 
Figure 3.4A, B measured 309 ± 8 nm and matches well with the expected diameter of the latex 
mesospheres (299 ± 6 nm). Small islands of OTS formed within the pores of the nanostructured 
film as shown in Figure 3.4B. If the latex spheres do not make tight conformal contact with the 
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substrate then water can be trapped underneath the spheres. With the vapor deposition process, 
OTS molecules bind at the site of water residues. Such islands were not observed for spheres that 
were smaller than 300 nm or when using polished silicon wafers as substrates. 
Ring structures of OTS can be generated by drying the latex masks for 12 h as displayed in 
Figure 3.4D, E. Aligned rows and columns of ring patterns that form a hexagonal arrangement 
are generated with precisely replicated geometries. For masks that have been dried for several 
hours, AFM images reveal that OTS only binds in areas near the base of the latex spheres to 
form ring structures. The height of the rings measures 2.1 ± 0.4 nm (Figure 3.4F). The 
periodicity of the OTS rings for the sample of Figure 3.4D,E averages 311 ± 6 nm, which 
corresponds to the diameter of the latex spheres. 
When masks of 300 nm latex were fully dried in an oven (95 °C, 24 h), OTS nanostructures 
were not generated after exposure to silane vapors as viewed in Figure 3G, H. The cursor profile 
(Figure 3.4I) provides further evidence that OTS structures did not form. A few loose adsorbates 
are present on the surface that affects tip adhesion; however there is no evidence of defined 
periodic structures present in AFM topographs. With oven-dried latex templates, the topographic 
images of Figure 3.4G, H do not exhibit a surface morphology that is representative of 
covalently bound OTS on mica(0001).131, 139  
For organosilanes to bind to substrates, nanoscopic amounts of water are needed to initiate 
surface hydrolysis. After vapor deposition, AFM images clearly display surface areas with 
residues of water as viewed for silane nanostructures in Figure 3.4. These results demonstrate 
that the amount of water on surfaces is a critical parameter for controlling the sites for hydrolysis 
of OTS. For latex masks that have been dried briefly, water is distributed homogeneously 
throughout areas of the surface to enable molecular self-assembly of a thin film covering 
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interstitial areas between mesoparticles. As vapors are introduced, OTS assembles surrounding 
the base of the masks and also binds to any uncovered areas of the surface between latex spheres. 
Only the areas masked by the latex spheres are protected from silane adsorption. When colloidal 
masks are dried under ambient conditions (25 °C, relative humidity ~60%) for longer intervals, 
(12-24 h), most of the water evaporates from the surface. Only tiny residues of water persist to 
form a circular meniscus in areas surrounding the base of latex spheres. When the partially dried 
latex masks are exposed to OTS vapor, hydrolysis occurs only where water is present: at the base 
of spheres. For latex masks that were oven-dried (95 °C, 24 h), nanostructures of OTS did not 
form in the absence of water. 
 
Figure 3.4 Differences in nanopattern morphologies with various drying conditions. (A) 
Octadecyltrichlorosilane nanopatterns produced on mica(0001) using a 300 nm latex mask that 
was dried briefly, 20 min; (B) zoom-in view; (C) corresponding cursor profile for panel B. (D) 
ring-shaped nanopatterns fabricated using 300 nm latex masks dried under ambient conditions 
for 12 h. (E) close-up view of hexagonal arrangement of rings; (F) cursor profile for panel E. (G, 
H) patterns did not form on mica surfaces when latex masks were dried in an oven; (I) cursor 
profile for the line in panel H. 
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Particle lithography was also applied successfully for organosilanes with different 
functional headgroups, such as 2-[methoxy(polyethyleneoxy)propyl]trichlorosilane (PEG-silane). 
Poly-(ethylene glycol) silanes are used as coatings for microfluidic devices, microarrays, and 
biosensors to reduce nonspecific adsorption of biomolecules or cells onto surfaces while 
maintaining a hydrophilic, biocompatible surface.140, 141 A generic approach used for surface-
bound protein assays is to pattern PEG silanes to prevent nonspecific binding of proteins.142 An 
example of periodic arrays of PEG-silane rings that were fabricated on silicon substrates using 
100 nm latex particles is shown in Figure 3.5. The latex masks were dried for 24 h in ambient air, 
which produced individual ring-shaped nanostructures throughout areas of the surface. The long-
range order and organization of PEG-silane rings is apparent in the successive zoom-in views 
(Figure 3.5A, B, C) with only a few defects produced by missing particles. Other researchers 
have developed approaches to minimize the density of defects for particle lithography by using 
fabrication steps with convective assembly143 or Langmuir-Blodgett troughs.144 The phase image 
of Figure 4E displays differences in elastic response between PEG rings and uncovered areas of 
the substrate. The uniform contrast of the surfaces of the rings indicates that the chemistry is 
homogeneous. The height of the PEG-silane rings measures 8.3 ± 0.8 nm with an average 
periodicity of 107 ± 5 nm (Figure 3.5D) which corresponds well with the expected diameter of 
the latex masks (97 ± 3 nm). The width of the PEG-silane rings measures 67 ± 8 nm with an 
inner pore diameter of 31 ± 4 nm. The width of gap in between adjacent rings measures 18 ± 5 
nm. There are 19 PEG-silane rings within the 0.5 × 0.5 μm2 frame of Figure 3.5C, whereas the 
larger 8 × 8 μm2 area of Figure 3.5A has 4870 ring patterns. This yields an estimated ring density 
of 7.6 × 109 nanostructures per 1 × 1 cm2. 
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Figure 3.5 Rings of PEG-terminated silane SAMs prepared with 100 nm latex masks. (A) Long 
range order and packing of ring structures; (B) close-up view of nanopatterns; (C) zoom-in of 
100 nm rings; (D) cursor profile for the line in panel C; (E) phase image of panel C. 
Amine-terminated silane nanostructures can also be produced by particle lithography 
combined with vapor deposition. Periodic arrays of rings of N-(6-
aminohexyl)aminopropyltrimethoxysilane (AAPTMS) were prepared on silicon surfaces using 
150 nm latex masks that had been dried in air for 24 h (Figure 3.6). Within the 8 × 8 μm2 
topography image of Figure 3.6A there are 2310 rings, evidencing the high-throughput 
capabilities of particle lithography. The ring-shaped geometry of AAPTMS nanopatterns is 
highly consistent, shown by successive zoom-in views of Figure 3.6A, B, C. The average width 
of the AAPTMS rings formed by 150 nm latex spheres measures 117 ± 7 nm, and the size of 
pores within the rings is 56 ± 9 nm. The average periodicity of 155 ± 8 nm measured for the 
arrays of AAPTMS nanopatterns corresponds closely to the dimensions of the latex masks (151 
± 4 nm). The zoom-in topography (Figure 3.6C) and corresponding phase image (Figure 3.6E) 
reveal that the rings do not touch neighboring patterns. Phase images distinguish differences in 
surface chemistry and elastic response. The AAPTMS rings have a uniform surface composition 
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with a brighter contrast relative to the uncovered areas of silicon between the nanopatterns. The 
height of the AAPTMS nanopatterns measures 3.7 ± 0.5 nm (Figure 3.6D), which is taller than 
the expected dimensions for a single layer of AAPTMS (~2.0 nm). 
 
Figure 3.6 Amine-terminated silane nanopatterns produced using 150 nm latex masks. (A) 
Broad view of ring-shaped nanopatterns; (B) zoom view of silane nanostructures; (C) hexagonal 
arrangement of rings; (D) cursor plot for panel C; (E) phase image of panel C. 
3.4 Conclusion 
Particle lithography is a practical approach for fabricating nanopatterns with designed 
surface chemistry. Nanopatterns of organosilane SAMs can be generated reproducibly by 
combining particle lithography with chemical vapor deposition. The placement of water 
adsorbed to surfaces is a critical factor for determining the sites of hydrosilation to form silane 
nanostructures via vapor deposition. A general observation is that the surface morphologies were 
highly consistent and reproducible for a specific drying condition and particle diameter. Once the 
experimental conditions are optimized, dozens of samples prepared with the selected conditions 
exhibit identical nanoscale morphologies. The geometry of alkylsilane nanopatterns is 
determined by the drying conditions of the latex masks. The drying parameters provide a means 
to control the distribution and placement of nanoscopic residues of water. Silanes bind only to 
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the areas of the surface containing trace amounts of water, since water is essential for 
hydrosilation. By adjusting the time interval for drying the masks, nanoscopic residues of water 
on surfaces can be retained near the bases of spherical masks to spatially direct the sites for 
hydrosilation. The surface density, as well as the size and periodicity of the nanostructures can 
be selected by choosing various latex diameters. In future work, patterns of organosilane SAMs 
will be used as a foundation to attach metals, organic molecules and nanomaterials in well-
defined surface architectures. 
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CHAPTER 4. NANOSTRUCTURES OF OCTADECYLTRISILOXANE SELF-
ASSEMBLED MONOLAYERS PRODUCED ON AU(111) USING PARTICLE 
LITHOGRAPHY 
4.1 Introduction 
Self-assembled monolayers (SAMs) provide an ideal platform for engineering surfaces at 
the molecular level and provide a vehicle for investigating reactions on surfaces.34, 35, 103 Well-
defined organosilane self-assembled monolayers on oxide surfaces were first reported by Sagiv 
in 1980.33 Since then, organosilane SAMs have become widely applied for surface passification 
and photoresists.15, 35, 145 Organosilanes also provide a versatile molecular platform which can be 
applied for surface patterning and nanofabrication.15-17, 20, 128  The interfacial functionalities of 
organosilane SAMs are tailorable for designing surface chemistries to attach various 
nanomaterials.146-149  The robust covalent nature of organosilanes offers extensive mechanisms 
for further steps of chemical modification for designing surface chemistry at the nanoscale.107, 133, 
150-152  
The precise mechanism for surface assembly of organosilanes is not fully understood, and is 
complicated by parameters of sample preparation such as the nature of the immersion solvent 
and surface.104 Organosilane SAMs are formed through hydrolysis reactions to make bridging 
siloxane bonds that anchor to the surface and also cross-link to form interconnections with 
adjacent molecules. Water is known to have an essential role in the self-assembly of 
organosilanes on surfaces.113, 123-125, 153, 154 Nanoscopic amounts of water are essential for 
initiating a surface hydrosilation reaction; however, excess water can induce polymerization 
reactions to generate multilayers and branched structures.  As silane SAMs are formed, there is a  
Reproduced with permission from the American Chemical Society. 
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competition between forming Si-O bridges to adjacent molecules, connections to the substrate or 
production of silanols, Si-OH.33, 121, 122 Typical substrates used to prepare SAMs of organosilanes 
are silicon, quartz, glass, metal oxides, and mica.34, 35 For substrates that contain relatively few 
hydroxyl groups, such as mica(0001), prehydrolysis of organosilanes105 or exposure of the 
surfaces to water vapor106 have been used to effect surface hydrosilation. 
There are sparse reports which evidence that organosilanes such as octadecyltrichlorosilane 
(OTS) can be prepared on gold substrates in ambient environments, and for these accounts, the 
surface coverage and quality of the organosilane films has not been documented with scanning 
probe characterizations.  Previously, it was considered that surfaces with free hydroxyl groups 
were required to form SAMs of organosilanes. This view was adjusted when organized 
monolayers of OTS were shown to form on gold, which is a substrate devoid of hydroxyl 
groups.115, 155-158 In these reports, it was demonstrated that OTS molecules assemble on a thin 
film of water adsorbed on the gold surface rather than on the gold substrate itself.  
Functionalized organosilanes such as (3-aminopropyl)triethoxysilane (APS) or 
trimethylsilyacetylene (TMSA)  also have been reported to form SAMs on gold surfaces.159, 160 
Reflection absorption infrared spectroscopy (RAIRS), ellipsometry, contact angle and quartz-
crystal microbalance (QCM) studies reveal that APS adsorbed on gold to yield multilayer 
films.159 For TMSA, scanning tunneling microscopy (STM) results indicate that SAMs of TMSA 
are generated with Si-Au chemical bonds.160 In the absence of water under ultra-high vacuum 
(UHV) conditions, it was demonstrated that alkylsilanes (H2n+1CnSiH3) formed a monolayer on 
gold through Si-H bond activation when deposited at room temperature.161-163 Results with X-ray 
photoelectron spectroscopy (XPS) reveal that the silicon headgroups attached to the gold surface 
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to form a film.  However, for samples prepared in UHV, characterizations with RAIRS and STM 
indicate that the alkyl chains form disordered monolayers as compared to alkanethiol SAMs. 
The nature of gold surfaces limits applicability for surface reactions with organosilanes.  
Among the properties of gold surfaces, wettability has generated considerable controversy in 
literature reports.164-168 With different techniques applied to measure the wettability of gold 
under varied conditions, reports for the contact angle of gold surfaces range from 0 to 65 
degrees.164-166, 169-171  A hydrophilic gold surface can be obtained after tedious cleaning processes, 
such as exposure to oxygen plasma,156, 158, 172 piranha solution,173 or ultraviolet (UV) 
irradiation.174, 175 Gold surfaces were reported to have a contact angle of 0 degrees immediately 
after removal from vacuum, which rapidly increased to 40 degrees with exposure to the 
atmosphere.168 Under ambient conditions complete wetting of gold is not achieved due to 
adsorption of organic molecules from the environment.168 As a consequence, silanization of gold 
surfaces through hydrolysis to form dense, high quality SAMs is problematic, due to difficulties 
in achieving a consistent distribution of water throughout areas of the hydrophobic surface.  
In this chapter, we present a facile high-throughput approach for preparing 
octadecyltrisiloxane nanostructures on surfaces of gold by combining particle lithography with 
vapor deposition of organosilanes.36  To improve the wettability of the Au(111) surface, the 
substrates were exposed to UV irradiation before depositing aqueous solutions of latex.  
Essentially, the evaporative masks of latex produced with particle lithography were used to 
define the surface sites of nanoscopic residues of water.  Successful results for preparing OTS 
nanopatterns are demonstrated with contact-mode AFM characterizations.  Mechanism for 
water-directed assembly of OTS will also be discussed.  The conductive nature of the gold 
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substrates further enabled protocols for current imaging and current-sensing AFM with the test 
platforms of OTS nanopatterns. 
4.2 Experimental Section 
4.2.1 Materials and Reagents 
Octadecyltrichlorosilane was purchased from Gelest (Morrisville, PA) and used without 
further purification. Certified particle size standards of polystyrene latex (300 nm) were obtained 
from Duke Scientific (Palo Alto, CA).  The latex particles were washed twice by centrifugation 
with deionized water (Milli-Q, Millipore, Bedford, MA) to remove possible contaminants such 
as charge stabilizers or surfactants. Gold thin films evaporated on mica substrates with thickness 
of 150 nm were obtained from Agilent Technologies Inc. (Chandler, AZ, USA).  Ethanol (ACS 
grade, Pharmco, Aaper, TX) and toluene (reagent grade, EMD Chemical Inc., Gibbstown, NJ) 
were used to rinse samples. 
4.2.2 Atomic Force Microscopy 
Topography, friction and current-sensing AFM (CS-AFM) images were acquired using an 
Agilent 5500 scanning probe microscope equipped with PicoScan v5.3.3 software (Agilent 
Technologies Inc., Chandler, AZ).  Silicon nitride tips with an average force constant of 0.5 N m-
1 were used for contact mode AFM imaging in air (MSCT-AUHW, Veeco Instruments, Inc., 
Camarillo, CA).  The silicon nitride probes used for contact mode AFM were coated with OTS to 
minimize tip-surface adhesion; and the total forces applied for imaging were < 1 nN.  Current-
sensing AFM was used to map the sample conductance while operating in contact mode.  
Different bias voltages (+6 V, 0 V and -6 V) were applied to the samples for acquiring CS-AFM 
data.  The tips used for CS-AFM were highly doped silicon probes with a Ti/Pt coating with an 
average force constant of 0.2 N m-1 (ANSCMPC, Nanoscience Instruments, Inc., Phoenix, AZ).  
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Images were processed using Gwyddion (version 2.10) open source software supported by the 
Czech Metrology Institute, which is freely available on the internet.138  
4.2.3 Particle Lithography 
Particle lithography combined with vapor deposition was used to generate 
octadecyltrisiloxane nanostructures on gold substrates.  Particle lithography, also known as 
nanosphere lithography uses the natural arrangement of spherical particles to produce arrays of 
nanostructures on surfaces.22, 23, 176 Monodisperse particles self-assemble into periodic structures 
on flat surfaces to guide the deposition of various materials, such as SAMs,28, 36, 135, 136 
proteins,30-32 inorganic materials24, 48 and polymers.27, 177 An overview of steps for particle 
lithography with vapor deposition is shown in Figure 4.1.  To prepare nanostructures, the gold 
surfaces were exposed to ultraviolet light (254 nm) for 4 h.  Next, a 20 µl volume of an aqueous 
solution containing (2%, w/v) polystyrene latex particles (300 nm) was immediately deposited 
on clean gold substrates with a micropipette (Figure 4.1A).  A view of a 300 nm latex mask is 
shown within the area of the circle (topograph).  The sample was then dried in ambient 
conditions (25 °C, relative humidity ~60%) for 2 h.  As water evaporates during drying, capillary 
forces draw the latex spheres together to form organized crystalline layers (Figure 4.1A).  Trace 
residues of water persist at the base of latex spheres to form a circular meniscus.  The dried film 
of latex was then used as an evaporative mask for vapor deposition of organosilanes (Figure 
4.1B).   To accomplish the vapor deposition, the colloidal masks were placed into a glass vessel 
containing 300 µL of neat OTS.  The reaction vessel (a glass jar) was sealed and placed in an 
oven at 70°C for 8 h to generate a vapor.  During heating, the OTS vapors attach to the exposed 
areas not masked by latex spheres and bind covalently at sites containing water residues (Figure 
4.1B).  The mask of latex particles was removed by sonication in ethanol for 2 min followed by 
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further rinsing with deionized water, ethanol and toluene (Figure 4.1C).  Nanopatterns of OTS 
were not removed from the surface by the rinsing procedure. 
 
Figure 4.1 Steps of particle lithography for fabricating organosilane nanostructures on Au(111). 
(A) A mask of latex spheres was prepared on a ultraviolet-treated gold substrate; (B) after 
organosilane vapor deposition; (C) after rinsing, latex masks were selectively removed to reveal 
organosilane nanopatterns. 
A control sample of an OTS film on Au(111) was prepared to match the conditions of the 
samples prepared by particle lithography, omitting the particle lithography step.  To prepare 
control samples, the gold substrates were exposed to ultraviolet light of (254 nm) for 4 h.  A 
volume of 20 µl of deionized water was then placed on the UV-treated gold substrates using a 
micropipette.  The sample was dried in ambient conditions (25 °C, relative humidity ~60%) until 
the water evaporated (~35 min).  The gold substrate was then placed inside a glass vessel 
containing 300 µL OTS.  The vessel was sealed and placed in an oven and heated at 70 °C for 8 
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h.  After vapor deposition was completed, the samples were rinsed with deionized water, ethanol 
and toluene. 
4.3 Results and Discussion 
Successful examples of ring-shaped nanostructures of OTS produced on Au(111) using 
particle lithography combined with chemical vapor deposition (300 nm latex masks) are 
demonstrated in Figure 4.2.  Arrays of octadecyltrisiloxane nanostructures with ring-shaped 
morphologies are observed on the gold surfaces with irregularly shaped terraces.  An AFM 
topograph of 893 rings produced within a 10 x 10 µm2 area is shown in Figure 4.2A, which 
would scale to approximately 108 rings per cm2.  The arrangement of the organosilane rings 
conforms to the periodicity of the latex mask.  The pores of the rings pinpoint the locations 
where the individual latex particles were rinsed away.  The long-range order and organization of 
octadecyltrisiloxane rings are apparent, evidencing a few defects produced by missing particles. 
The hydrophobic nature as well as local defects of the gold substrate influences the long range 
periodicity and packing density of latex mesospheres.  A few faint line patterns of OTS formed 
at the edges of gold terraces, defining the areas of the substrate that contained water residues. 
The changes in surface chemistry between the organosilane rings and the gold substrate are 
viewed in the frictional force image of Figure 4.2B.  Friction images result from differences in 
surface adhesion between the tip and sample, providing a sensitive map of changes in surface 
chemistry.  Friction images also can reflect changes resulting from surface topography such as 
edge effects.  The outlines of the nanopatterns predominate for the ring patterns, with bright or 
dark contrast at the pattern edges, as the tip travels up or down across the patterns.  The edge 
effects are produced for the frictional force image due to changes in tip-surface interactions as 
the probe is scanned over the nanostructures, providing a precise outline of the ring geometries.  
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A hexagonal arrangement of rings is visible in the zoom-in topography image (Figure 4.2C) and 
corresponding cursor profile (Figure 4.2D).  The shapes and dimensions of the nanopatterns are 
exquisitely reproducible at the nanoscale, with regular diameters of 246 ± 6 nm and the pore 
areas inside the rings of 48 ± 4 nm.  The lateral periodicity measures 321 ± 13 nm between 
neighboring nanostructures, which matches closely with the 300 nm diameter of the latex masks.  
The average height of the rings is 3.7 ± 0.6 nm, which is slightly higher than the theoretical 
height of OTS (2.8 nm).  In the zoom-in AFM image and cursor profile, it is apparent that at the 
nanoscale, the rings vary by as much as 1.2 nm in height.  The height variability indicates 
branching within the siloxane network. 
 
Figure 4.2 Ring-shaped nanostructures of octadecyltrichlorosilane prepared on gold using 
particle lithography combined with vapor deposition. (A) Wide area topograph; (B) 
corresponding frictional force image; (C) zoom-in view; (D) cursor profile for the line in panel C. 
A control experiment was conducted without using a latex mask to further elucidate the role 
of water and surface wettability for self-assembly of OTS on Au(111).  The Au(111) substrates 
were similarly exposed to ultraviolet light as in Figure 4.3, however the surface was moistened 
by applying a drop of water (20 µL) and allowing it to dry.  The water droplet was dried in 
ambient conditions for 45 min and then placed into a sealed vessel containing 300 µL OTS for 
heated vapor deposition.  Representative images of similar size areas of a bare gold substrate, 
control sample and OTS nanopatterns are compared side-by-side with contact-mode AFM 
topographs in Figure 4.3.  The morphology typical of a vacuum-deposited gold/mica is revealed 
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in Figure 4.3A for the untreated Au(111) surface, exhibiting irregularly shaped terrace domains.  
The RMS roughness measured 2.9 nm for the area shown.  After vapor deposition, a clustered, 
irregular morphology was revealed, with incomplete surface coverage of random island 
protrusions throughout terrace and step edge areas (Figure 4.3B).  Protrusion islands of OTS are 
evident throughout areas of the surface, measuring 2.2 ± 0.4 nm in height, referencing shallower 
areas of the surface as a baseline.  The baseline areas are not bare gold, the sample contains near 
complete surface coverage of an octadecyltrisiloxane film.  The thickness of the OTS films is 
variable, which is likely caused by nanoscale variations in the distribution of water present on the 
surface.  A comparable size area with octadecyltrisiloxane nanostructures is presented in Figure 
4.3C, showing 132 rings of OTS.  The nanostructures cover ~33 % of the surface and exhibit 
remarkably uniform thickness and geometries.  Long-range order and regular spacing between 
the ring patterns of OTS are apparent throughout areas of the 1 x 1 cm2 sample, with few defects. 
 
Figure 4.3 Water directed assembly of OTS on oxidized surfaces of Au(111) viewed for 5 x 5 
µm2 AFM topographs.  (A) Untreated Au(111) substrate; (B) OTS film produced using vapor 
deposition without steps of particle lithography; (C) Ring-shaped nanostructures of OTS 
produced by vapor deposition through latex mask. 
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Characterizations with current-sensing atomic force microscopy (CS-AFM) were used to 
evaluate the conductivity of the OTS ring patterns (Figure 4.4).  For CS-AFM, a bias voltage is 
applied to the substrate, and the current through the molecular film is measured when the AFM 
tip is placed in direct contact with the surface.  For comparative reference, a topography image 
(2.5 × 2.5 µm2) acquired using the same metal-coated probe is presented in Figure 4.4A, which 
displays 51 rings of OTS arranged in diagonal rows and columns.  The third horizontal row is 
shifted slightly downwards in alignment, providing a convenient in situ landmark for comparing 
the different data channels.  The same scan area was imaged successively for the current frames. 
Current images display highly conductive regions as bright or dark features, depending on the 
bias polarity.  As the polarity of the sample bias was switched from −6 V to +6 V, the contrast 
correspondingly changed. For measurements with CS-AFM, the metal-coated tip remains at 
virtual ground as a bias is applied to the sample.  The current signal is positive when the sample 
surface is biased negatively, and reversed contrast is shown for opposite bias polarity.  The 
bright areas of Figure 4.3B indicate that uncovered regions of the gold surface are highly 
conductive. When applying a positive voltage to the surface, the current likewise became 
negative. When the bias is zero, no contrast is visible for the current image (Figure 4.4C).  With 
a positive bias, the bright contrast is attributable to less conductive areas as in Figure 4.4D. The 
current image in Figure 4D was acquired at +6 V and displays reverse contrast compared to 
Figure 4.4B. 
The regions of the nanopatterns exhibit relatively homogeneous contrast in current images, 
in correspondence with observations of the regular surface topography and highly uniform 
thickness of the rings.  The robust ring structures of OTS appear to be densely packed and were 
not observed to degrade despite repetitive AFM imaging in contact mode or at elevated bias.  
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The current contrast of the small pore areas within the rings matches the substrate, which is 
evidence that the mesosphere masks were cleanly removed to expose bare areas of the gold 
substrate.  Nanopatterns of OTS prepared on Au(111) are suitable for investigations of charge 
transport and development of molecular scale measurements.  Gold surfaces also furnish 
advantages as electrodes or for etching processes. 
 
Figure 4.4 Evolution of changes in current-sensing AFM images acquired with various sample 
bias voltages. (A) Topography image of octadecyltrichlorosilane nanopatterns produced with 300 
nm latex masks. Current-sensing images of octadecyltrisiloxane rings acquired with (B) −6 V, (C) 
0 V and (D) +6 V for the same scan area. 
The AFM probe can be placed directly on the surface of individual nanostructures to 
acquire local I-V spectra (Figure 4.5).  Three rings were selected to evaluate the conductivity. 
The nanostructures selected for acquiring I-V spectra are identified in the topography image of 
Figure 4.5A.  As the sample bias was scanned from −10 V to +10 V, slightly asymmetric, 
nonlinear I-V profiles were observed, comparing the forward and reverse bias sweeps (Figure 
4.5B).  The measurements match well with previously reported I-V spectra.178-180 A sharp peak 
was observed between −4 V to −5 V which indicates the oxidation of OTS SAMs.180 The 
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maximum current measured 1 ± 0.4 nA in both negative and positive bias regions, which 
displays the expected insulating nature of the alkyl chains of OTS.181, 182 The bias values at the 
onset of current conduction from the I-V profiles were used to establish the conditions for 
acquiring current images for Figures 4.4B and 4.4D. 
 
Figure 4.5 Current-sensing AFM measurements of octadecyltrisiloxane rings. (A) Topograph of 
the area selected for measurements; (B) current-voltage profiles acquired for three 
octadecyltrisiloxane nanostructures. 
Approaches based on scanning probe lithography (SPL) have also been applied to produce 
organosilane nanopatterns.21, 132, 133, 142 Methods of SPL provide exquisite nanoscale resolution 
and enable us to subsequently visualize the surface morphology with great detail.  However, with 
SPL the patterns are fabricated one at a time, by slow serial writing processes which are not 
easily scalable for the high throughput and reproducibility needed for device manufacture.  
Approaches with particle lithography provide advantages of high throughput and reproducibility 
for generating millions of organosilane nanostructures, based on simple bench chemistry 
procedures.  The size, shape and spacing of features can be precisely controlled with 
mesoparticle masks.  Once the experimental conditions are optimized, dozens of samples 
prepared with the selected conditions exhibit identical nanoscale morphologies.  Multiple 
samples were prepared, and images of Figures 4.2A and 4.4A are taken from samples prepared 
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separately on different days.  The AFM views shown are representative of multiple areas 
throughout the surface.   
The poor wettability of gold substrates in ambient conditions was addressed by ultraviolet 
light exposure, which is known to improve surface hydrophilicity and remove organic 
contaminants.  During UV-irradiation, gold surfaces are oxidized, but recover hydrophilicity.155, 
175, 183, 184 In the presence of trace residues of water on oxidized gold surfaces, OTS molecules are 
hydrolyzed and reduce gold oxide with SiCl3 moieties.155, 156 Typically, trace amounts of water 
are required to form densely packed organosilane monolayers.  The quality of organosilane 
SAMs depends on the degree of hydration on surfaces.  For a substrate devoid of hydroxyl 
groups such as Au(111), UV surface treatment was used to improve the adhesion of water.  With 
particle lithography, nanoscopic residues of water could be uniformly arranged and distributed 
throughout areas of the surface by latex mesoparticles to direct the binding of organosilanes.   
With latex masks, nanoscopic amounts of water are spatially confined and retained 
underneath the spheres localized to a meniscus area at the base where the mesoparticles meet the 
surface.  The masks were prepared by drying an aqueous solution of latex particles on the 
ultraviolet-treated gold substrate, under ambient conditions.  During the drying step, most of the 
water evaporates from the surface and only tiny residues of water persist to form a uniform, 
circular meniscus near the base of latex mesospheres.  The outer surfaces of latex spheres have 
sponge-like properties to absorb water, and retain small amounts of moisture when dried.90, 91, 185, 
186 When introducing OTS vapor to the latex masks, hydrolysis takes place selectively where 
water is present within the circular areas of the liquid meniscus.  The shapes of the 
nanostructures correspond to the areas with a water meniscus near the base of the latex 
mesoparticles.  
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Surfaces with well-defined nanopatterns provide a platform for further chemical steps to 
adsorb proteins, nanoparticles or other nanomaterials. By selecting organosilanes with designed 
functionalities, nanoscale control of surface chemistry can be achieved.  After organosilane 
nanopatterns are fabricated using particle lithography, uncovered areas of the Au(111) substrate 
are available for further steps of chemical patterning or etching.  Circular organosilane 
nanostructures can be used as boundaries to isolate and direct adsorption of new materials in 
well-defined arrangements.  Alkanethiol SAMs also can be deposited to backfill uncovered areas 
of the Au(111) substrate for defining surface selectivity at the nanoscale. 
4.4 Conclusion 
A robust, high-throughput nanofabrication approach was accomplished using steps of 
particle lithography combined with chemical vapor deposition to reproducibly generate periodic 
nanostructures of OTS on surfaces of Au(111).  Pre-treatment of the gold substrates with UV-
irradiation was used to improve surface wettability.  Millions of OTS nanopatterns are produced 
with exquisitely regular and uniform geometries and arrangement.  Current-sensing AFM 
measurements of nanostructures reveal the insulating nature of octadecylsiloxane on conductive 
gold surfaces. 
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 CHAPTER 5. ELECTROLESS DEPOSITION OF METALS ON NANOPATTERNS OF 
ORGANOSILANE SAMS 
5.1 Introduction 
A current challenge in nanotechnology is to control surface chemistry at the nanoscale for 
fabricating functional nanostructures in electronic, optoelectronic, biological, or sensing 
applications.3, 7, 187-189 Control of the relative position and orientation of nanomaterials on 
surfaces will contribute towards development of well-defined molecular architectures for protein 
chips or molecular junctions.19, 87, 98 Advances in nanotechnology will depend on the ability to 
organize materials at the nanoscale to create designed functional assemblies that can display 
desirable properties and can be accurately replicated. Metal and semi-conductor nanomaterials 
demonstrate quantized electrical and optical properties that can be useful for future device 
applications.8, 9, 44, 190 Surfaces with designed metal nanostructures can be used for fundamental 
investigations of chemical and physical properties such as magnetism, conductivity, and 
photonic properties. 
Electroless deposition (ELD) is an autocatalytic redox process in which complexed metal 
ions are chemically reduced to metal at a surface without an external current source.149, 191-197 
The metal deposition process is usually initiated on a surface which contains active functional 
groups or catalysts. When immersing a substrate into an ELD solution, the reducing agent 
provides the electrons for converting metal ions into the metal at activated sites on the surface. 
The metal itself must also be catalytically active so that the deposition can continue to progress.  
Uniform metal coatings can be created over selected small areas using ELD. Processes using 
ELD have been applied widely in the electronic industry for metallization of plastics, ceramics, 
Reproduced with permission from the Electrochemical Society. 
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and other insulating substrates. 
We have developed a new approach to fabricate nanopatterns of metal nanostructures via 
electroless metallization on nanopatterned surfaces with organosilane thin films. Particle 
lithography using monodisperse latex particles as evaporative masks can be applied to pattern 
self-assembled monolayers (SAMs) of organosilanes on surfaces.36 Different geometries of 
silane nanostructures are produced, depending on the spatial arrangement of nanoscopic residues 
of water surrounding the mesoparticle masks. Monodisperse latex spheres spontaneously self-
assemble into crystalline arrays when dried, which furnish an evaporative mask to direct the 
surface sites for the hydrosilation reaction. Particle lithography can be applied to organize 
nanomaterials on surfaces with exquisite control of surface arrangements and chemistry. Not 
only are nanostructures produced with defined geometry and arrangement, particle lithography 
also enables one to define the surface chemistry and consequently the reactivity of the patterns 
for binding other molecules, nanomaterials and metals. Selective metallization of nanopatterns 
using ELD can produce nanostructures which are a few nanometers in thickness, by controlling 
parameters of solution chemistry. Results from atomic force microscopy (AFM) characterization 
will be presented which demonstrate the selectivity for ELD on organosilane nanopatterns. 
5.2 Experimental Section 
5.2.1 Materials 
Octadecyltrichlorosilane (OTS) and 3-mercaptopropyltrimethoxysilane (MPTMS) were 
purchased from Gelest (Morrisville, PA) and used without further purification. Iron (II) chloride 
tetrahydrate, sodium nitrite and sodium acetate were obtained from Sigma-Aldrich (St. Louis, 
MO). Ruby muscovite mica (S&J Trading Co., NY) and double-sided polished silicon(111) 
wafers doped with boron (Virginia Semiconductor Inc., Fredericksburg, VA) were used as 
 51
substrates. Silicon wafers were cut (1×1 cm2) and cleaned by immersing in piranha solution for 1 
h. Piranha solution is highly corrosive and should be handled carefully, it is a mixture of sulfuric 
acid (96%, EMD Chemical Inc., Gibbstown, NJ) and hydrogen peroxide (30%, Sigma-Aldrich) 
at a (v/v) ratio of 3:1. Silicon substrates were then rinsed with deionized water (Milli-Q, 
Millipore, Bedford, MA). Monodisperse polystyrene latex solutions were purchased from Duke 
Scientific (Palo Alto, CA). To remove contaminants such as charge stabilizers or surfactants the 
latex particles were washed twice with deionized water by centrifugation. Ethanol (Pharmco, 
Aaper, TX) and toluene (EMD Chemical Inc., Gibbstown, NJ) were used to rinse samples. 
5.2.2 Sample Preparation 
Several chemistry steps using particle lithography, solution self-assembly and ELD were 
used successively to fabricate metal-organic nanostructures. Particle lithography combined with 
vapor deposition can be applied to nanopattern organosilanes on silicon(111).36 The 
nanopatterned surfaces are then exposed to a second organosilane by solution immersion. Finally, 
ELD was used to selectively generate metal deposits on nanopatterned surfaces of silicon. 
5.2.3 Particle Lithography Combined with Vapor Deposition of OTS 
In the first step, an aqueous solution containing purified monodisperse latex particles (150 
nm) was deposited on clean silicon substrates or freshly cleaved pieces of mica.  Next, the 
samples were dried in air for 1-12 h.  As water evaporates during drying, capillary forces draw 
the latex spheres together to form organized crystalline layers on flat surfaces. The film of 
ordered latex particles provides an evaporative mask for vapor deposition of organosilanes.  Next, 
the dried colloidal masks were placed into a reaction vessel containing 300 μL OTS.  To 
generate a vapor, the reaction vessel was placed in an oven at 70 °C under ambient pressure. 
During heating, the vapors of OTS molecules adsorb to the interstitial areas between latex 
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spheres and bind covalently to the substrate. Next, the mask of latex particles was removed by 
sonication in ethanol for 15 min followed by further rinsing with ethanol and deionized water. 
Nanopatterns of octadecyltrichlorosilane were not removed from the surface by the rinsing 
procedure. 
5.2.4 Deposition of a Reactive Silane by Immersion Self-Assembly 
Areas of the surface that were not covered with OTS were filled with thiol-terminated 
MPTMS by solution self-assembly via immersion.  Substrates with OTS nanopatterns were 
immersed for 4 h in a solution containing 0.1 mM MPTMS prepared in toluene.  Afterwards, the 
samples were cleaned by sonication for 15 min in toluene and ethanol, respectively. 
5.2.5 Selective Electroless Deposition of Iron Oxide 
Deposits of iron oxide (Fe3O4) were produced using ELD for organosilane nanopatterns on 
silicon surfaces. A solution of 30 mM sodium nitrite and a solution containing 10 mM iron(II) 
chloride tetrahydrate in a 65 mM sodium acetate buffer at pH 7.4 were prepared for ELD. 
Nanopatterned silicon substrates were immersed in a mixture of the two solutions at a v/v ratio of 
10:1 FeCl2 : NaNO2. The reaction was performed at 70 °C for 25 min. After ELD was completed, 
the samples were rinsed with deionized water and dried in air. 
5.2.6 Sample Characterization 
Organosilanes and metal nanostructures were characterized with a model 5500 scanning 
force microscope (Agilent Technologies, Tempe, AZ) using acoustic AC-mode AFM, which 
operates the cantilever in the intermittent contact regime.  Rectangular silicon nitride cantilevers 
with force constants ranging from 21 to 98 N m–1 and a resonance frequency of 165 kHz were 
purchased from Nanosensors (Lady’s Island, SC) and used for AC-mode imaging.  Images were 
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processed using Gwyddion open source software, which is freely available on the internet and 
supported by the Czech Metrology Institute.138 
5.3 Results and Discussion 
5.3.1 Controlling Nanopattern Morphologies via Surface Hydrosilation 
Particle lithography, which is also known as nanosphere lithography uses colloidal masks to 
produce ordered arrays of regular nanostructures on surfaces.22, 198, 199 Monodisperse spheres 
self-assemble on flat surfaces into periodic structures with designed dimensions and interparticle 
spacing, which can then be used as structural templates or masks to guide the deposition of 
metals,48, 200 inorganic materials,24, 25 polymers,27, 201 catalysts,55, 202 proteins30, 31 and 
organosilanes.36, 136 The various steps of particle lithography can be characterized using AFM. A 
view of an evaporative mask is presented in Figure 5.1 for 150 nm latex particles. The top-view 
of latex spheres shown by the AFM topography image displays the two-dimensional close-
packed organization of mesospheres, exhibiting long-range order with few defects or missing 
particles (Figure 5.1B).  The AFM topograph shows the ordering of the top-most layer, whereas 
the organosilane patterns are formed at the bottom surface layer of mesospheres. Even for 
mesospheres as small as 150 nm, a close packed crystalline mask is produced by simply drying 
an aqueous solution of latex (Figure 5.1B).  The diameter of the latex spheres defines the 
periodicity of the nanopatterns; however, the final size of the surface patterns is determined by 
the actual physical area of contact between the spheres and substrate. 
To spatially control the deposition of metal on surfaces with nanoscale reproducibility, 
particle lithography combined with vapor deposition was used to define the surface chemistry 
and control the nanopattern geometry (e.g. pitch, diameter). Self-assembled monolayers of 
organosilanes offer advantages such as resistance to oxidative or thermal degradation and 
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capabilities to tailor the surface chemistry with further steps of chemical modification. The 
surface coverage and geometry of OTS nanostructures on mica exhibit distinct differences when 
the latex masks were dried under different conditions (Figure 5.2). By controlling the drying 
conditions of the latex masks, nanoscopic amounts of water can be used to direct the placement 
of nanopatterns through surface hydrosilation.36 Tiny amounts of water are essential for 
preparing organosilane films on surfaces. If too much water is present a polymerization reaction 
can take place, which prevents the development of a surface film.  When latex masks were fully 
dried in an oven, OTS nanostructures were not generated after exposure to organosilane vapors, 
as viewed in Figure 5.2A.  After rinsing away the template latex particles, a few loose adsorbates 
are present on the mica surface, which affect tip adhesion. However, there are no defined 
periodic structures present in the AFM topograph of Figure 5.2A. The cursor profile provides 
further evidence that OTS structures did not form for templates which were dried in an oven. 
 
Figure 5.1 Arrangement of latex particles on surfaces. (A) Close-packed arrangement of 
mesoparticles; (B) topograph of 150 nm latex spheres. 
For latex masks that were dried briefly (20 – 60 min) under ambient conditions, arrays of 
OTS nanopatterns with pore-shaped morphologies were produced as shown in Figure 5.2B. A 
film of OTS with circular areas of uncovered substrate is revealed, where the latex spheres were 
rinsed away.  The thickness of the OTS layer is relatively even across the surface, uniformly 
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covering the areas between the cavities where latex particles were displaced.  The thickness of 
the film measures 2.3 ± 0.3 nm, referencing the uncovered areas of the substrate as a baseline, 
which matches with values for an OTS monolayer (2.65 nm) as previously reported with mica 
substrates.113 Measurements of the periodicity were calculated by averaging the distances 
between the centers of the pores for at least 200 nanostructures from several representative areas 
of the surface.  The average periodicity of OTS pores measured 309 ± 8 nm and matches well 
with the expected diameter of the latex mesospheres (299 ± 6 nm). 
Ring structures of OTS can be generated drying the latex masks under ambient temperatures 
for 12 h, as displayed in Figure 5.2C.  Ring-shaped OTS nanopatterns form a hexagonal 
arrangement with precisely replicated geometries.  For masks which have been dried for several 
hours, the AFM image reveals that OTS only binds in areas near the base of the latex spheres to 
form ring structures.  The height of the rings measures 2.2 ± 0.4 nm which matches the 
dimension of the pore shaped OTS nanopatterns.  The periodicity of the OTS rings averages 311 
± 6 nm which corresponds to the diameter of the latex spheres. 
For organosilanes to covalently bind to substrates, nanoscopic amounts of water are needed 
to initiate surface hydrosilation. After vapor deposition of silanes and rinsing steps, AFM images 
in Figure 5.2 clearly display surface areas where an OTS film has formed where water was 
present.  These results demonstrate that the amount of water on surfaces is a critical parameter 
for controlling the sites for hydrolysis of OTS.  For latex masks which were fully dried in an 
oven, nanostructures of OTS did not form in the absence of water (Figure 5.2A). For latex masks 
that have been dried briefly (20 – 60 min), water is distributed homogeneously throughout areas 
of the surface to enable vapor phase assembly of OTS into the interstitial areas between latex 
particles (Figure 5.2B).  The areas masked by the latex spheres are protected from silane 
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adsorption.  When colloidal masks are dried under ambient conditions for longer intervals (12 h), 
most of the water evaporates from the surface.  Only tiny residues of water persist to form a 
circular meniscus in areas surrounding the base of latex spheres.  When the partially-dried latex 
masks are exposed to OTS vapor, hydrolysis occurs only where water is present at the base of the 
spheres to form ring-shaped nanostructures of organosilanes (Figure 5.2C). 
 
Figure 5.2 Different morphologies were produced for OTS nanopatterns with various drying 
conditions for 300 nm latex masks. (A) Nanopatterns of OTS were not generated when using 
oven-dried masks. (B) Pore-shaped nanopatterns were produced with latex masks that were dried 
briefly (< 60 min). (C) Ring shaped nanostructures were fabricated for latex masks dried under 
ambient conditions for 12 h. 
5.3.2 Electroless Deposition of Iron Oxide on Nanopatterned Surfaces 
To deposit metals on organosilane nanopatterns, ELD was used to selectively deposit iron 
oxide on areas backfilled with MPTMS, which were surrounded by OTS. The areas passivated 
with methyl-terminated OTS resisted the adsorption of metals, and thus the iron oxide deposited 
selectively on thiol-terminated nanopatterns of MPTMS. Electroless metal deposition is a 
convenient, rapid and low cost method to produce thin metal films on a variety of substrates. 
This method uses an autocatalytic reaction that involves a reducing agent and complexed metal 
ions as the source of the metal. When immersing substrates into an ELD solution, the reducing 
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agent provides the electrons to convert the metal ions into the metal films at activated sites on 
surfaces. In this investigation, iron (II) chloride tetrahydrate in sodium acetate buffer was the 
source of the metal and sodium nitrite served as a reducing agent. 
Iron oxide nanostructures can be generated using ELD on nanopatterned surfaces. The 
topography image in Figure 5.3 displays views of a two-dimensional array of Fe3O4 deposits 
formed on MPTMS nanopatterns. The long-range order and organization of Fe3O4 nanostructures 
is apparent in the AFM views (Figures 5.3A and 5.3B) with only a few defects. Nanopatterned 
silicon substrates with different functional groups provide nanoscale selectivity for adsorption of 
iron oxide. Methyl-terminated OTS provides a hydrophobic surface which resists the adsorption 
of iron oxide under these conditions. Thiol-terminated MPTMS serves as an adhesive monolayer 
for site-selective ELD of iron oxide.  The metal conforms precisely to the geometry of the back-
filled areas of MPTMS. The areas surrounding each metal nanostructure are passivated with OTS.  
The representative cursor profile (Figure 5.3C) indicates the periodicity measured for the arrays 
of iron oxide nanostructures (158 ± 11 nm), which corresponds closely to the dimensions of the 
latex masks (151 ± 4 nm). The average size of iron oxide nanostructures is 10 ± 3 nm in height 
and 56 ± 10 nm in diameter. With ELD, the deposition of a few nanometers of Fe3O4 can be 
achieved rapidly, within 30 min. 
 
Figure 5.3 Metal nanostructures produced using electroless deposition on organosilane 
nanopatterns. (A) Broad view of periodic 150 nm arrays of iron oxide nanostructures; (B) zoom-
in view; (C) cursor profile for panel B. 
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Iron oxide nanostructures produced using ELD on nanopatterns conform to the hexagonal 
arrangement of latex mesospheres. The spacing between each nanostructure is uniform and 
periodic. Within the 1.5 × 1.5 μm2 frame of Figure 5.3B, there are 57 iron oxide nanostructures, 
and the larger area (8 × 8 μm2) of Figure 5.3A has ~1600 iron oxide nanostructures. This yields 
an estimated surface density of 2.5 × 109 nanostructures per square centimeter. Thus, combining 
ELD with vapor deposition of silanes offers advantages of high throughput and reproducibility. 
The final heterostructure of iron oxide deposited on an MPTMS nanopattern formed on silicon is 
a metal-molecule-semiconductor junction. Such heterostructures are suitable for scanning probe 
microscopy (SPM) investigations of molecular conductance, towards development of nanoscale 
electrical contacts for molecular electronics. Future investigations are directed towards 
incorporating more complicated molecules with aromatic backbones within the hybrid 
nanostructures. 
5.4 Conclusions 
Selective metallization of organosilane nanopatterns can be accomplished using particle 
lithography and ELD.  Deposition of iron oxide occurs via an autocatalytic reaction in which iron 
(II) ions are reduced in a solution of sodium nitrite, and deposit specifically on nanopatterned 
regions of MPTMS. Nanopatterned surfaces containing OTS and MPTMS provide adhesive and 
resistive regions for site-selective adsorption of iron oxide. The deposition of iron oxide with a 
few nanometers thickness occurs in less than 30 min. Results from AFM images reveal the 
selectivity for metal deposition on nanopatterns. The metallized nanopatterns are smaller than the 
latex mesospheres, however the inter-pattern spacing corresponds precisely to the periodicity of 
mesoparticle masks.  Designed nanostructures provide a practical test platform for investigations 
of surface properties, since well-defined arrays enable precise reproducible dimensions for 
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multiple successive SPM measurements. The particle templates used for preparing test platforms 
can be scaled to very small dimensions. Metal contacts formed on organosilane nanopatterns 
produced by particle lithography combined with vapor deposition may be suitable for SPM 
investigations of molecular conductance, towards development of nanoscale electrical contacts 
and heterojunctions. 
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CHAPTER 6. ENGINEERING THE SPATIAL SELECTIVITY OF SURFACES AT THE 
NANOSCALE USING PARTICLE LITHOGRAPHY TO PATTERN ORGANOSILANES 
6.1 Introduction 
Engineering the chemistry of surfaces at the nanoscale poses a significant challenge for 
nanotechnology.1-3, 87, 203  Many strategies for nanoscale lithography have emerged, which hold 
promise for development of practical devices such as high density storage devices204, 205, 
memory98, 206, optoelectronic components207-209 and highly sensitive detectors.209-211 In choosing 
nanolithography approaches for manufacturing devices, one of the most critical issues to be 
addressed is high throughput.  Nanoscale technologies will undoubtedly require the ability to 
prepare millions of reproducible structures with high fidelity, at low expense.  The great promise 
of nanotechnology depends on the ability to organize materials at the nanoscale to generate 
designed assemblies that exhibit desirable properties. Molecular architectures with well-defined 
functionalities and composition will advance applications for molecular electronics97, 98, 212, 213 or 
biosensing applications.18, 96, 214 
Particle lithography, which has also been referred to as nanosphere lithography or 
colloidal lithography, uses the close-packed arrangement of spherical particles to produce 
ordered arrays of regular nanostructures.22, 23 Monodisperse spheres self-assemble on flat 
surfaces into periodic structures with designed dimensions and interparticle spacing, which can 
then be used as structural templates or masks to guide the deposition of metals,24, 48 polymers,27, 
58 catalysts,55 nanoparticles,215, 216 self-assembled monolayers (SAMs)28, 36, 135, 136 and proteins.29-
32 We recently developed a method to pattern organosilanes on conventional surfaces such as 
glass, silicon wafers, mica and gold using particle lithography.36, 37  Organosilane SAMs attach to 
the unmasked interstitial areas of the surface between masks of mesospheres through vapor 
deposition. 
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Well-defined self-assembled monolayers of organosilanes formed on oxide surfaces were 
first reported by Sagiv in 1980.33 Since then, organosilanes have been have been widely applied 
to engineer surface properties and provide a versatile molecular platform for surface patterning 
and nanofabrication.34, 35, 103, 217, 218  The interfacial functionalities of organosilane SAMs provide 
a way to tailor the chemistry of surfaces to attach various nanomaterials such as nanoparticles146, 
149 and biomolecules.29, 147, 148  The robust and covalent natures of organosilanes enable further 
steps of chemical modification to regulate surface chemistry at the nanoscale.107, 150-152 
A range of lithographic approaches have been developed to pattern organosilane 
monolayers.  Photolithography with silane SAMs is accomplished by UV irradiation through 
photomasks.15 Organosilane monolayers in exposed regions can be selectively removed by a 
photocleavage mechanism or can alter the functionality of surface head groups by UV-activated 
photochemistry.126 The resolution of patterns produced by photolithography is limited by the 
diffraction of light sources.  Electron beam lithography can overcome the diffraction limit to 
generate smaller patterns with dimensions less than 100 nm.127, 128 However, e-beam lithography 
requires considerable training and expensive instrumentation. Soft lithography, such as 
microcontact printing with polydimethylsilane (PDMS) stamps, has been applied successfully for 
patterning silane monolayers.16, 129 The dimensions of organosilane patterns are limited to the 
size of the PDMS stamps, most typically at the micrometer scale.  Scanning probe lithography 
(SPL) approaches such as Dip-Pen nanolithography,17, 130 nanoshaving,131, 132 bias-induced 
lithography,21 and constructive nanolithography20, 43, 133 have also been applied to write 
nanopatterns of organosilane SAMs.  Methods of SPL provide exquisite nanoscale resolution; 
however the fabrication steps are time-consuming due to slow serial writing processes, which are 
not easily scalable for the high throughput requirements of device manufacture. 
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Approaches based on steps of particle lithography, vapor deposition of organosilanes and 
selective deposition of nanoparticles will be described in this report.  The size, shape and spacing 
of nanopatterns can be precisely controlled by the diameters of mesoparticle masks used for 
particle lithography.  The surface selectivity can be engineered to define nanoscale sites for 
surface passivation or reactivity using well-defined functionalities of silanes.  Engineered 
nanopatterns of adhesive and resistive silane SAMs offer exquisite surface selectivity, which can 
be used as a foundation for site-directed adsorption of nanoparticles.  The nanoparticles attach 
precisely to well-defined areas to form reproducible geometries and scalable surface coverage. 
6.2 Materials and Methods 
6.2.1 Atomic Force Microscopy 
Samples were characterized using either contact mode or acoustic AC-mode AFM with a 
model 5500 scanning probe microscope (Agilent Technologies, Chandler, AZ).  Rectangular 
silicon nitride cantilevers with force constants ranging from 21 to 98 N/m and an average 
resonance frequency of 165 kHz were used for AAC-mode (tapping) characterizations 
(Nanosensors Lady’s Island, SC).  Contact mode AFM images were acquired using V-shaped 
cantilevers with oxide-sharpened silicon nitride probes, which had an average force constant of 
0.5 N/m (Veeco Probes, Santa Barbara, CA).  Images were processed using Gwyddion open 
source software, which is freely available on the internet and supported by the Czech Metrology 
Institute.138 The analysis data presented was estimated using the commercially available SPM 
analysis software, SPIP, with multiple images.  
6.2.2 Preparation of Organosilane Nanopatterns 
Particle lithography with vapor deposition was used to generate organosilane 
nanopatterns on surfaces, as previously reported.36  Polished silicon wafers, Si(111) doped with 
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boron (Virginia Semiconductor Inc., Fredericksburg, VA) and glass cover slides (Fisher 
Scientific, Pittsburgh, PA) were used as substrates.  Substrates were cleaned by immersion in 
piranha solution for 1 h, which is a mixture of sulfuric acid and hydrogen peroxide at a (v/v) 
ratio of 3:1.  Piranha solution is highly corrosive and should be handled carefully.  Substrates 
were then rinsed copiously with deionized water and dried in air.  Size-sorted polystyrene latex 
spheres (Thermo Scientific, Waltham, MA) were washed by centrifugation to remove 
contaminants such as charge stabilizer or surfactants.  The latex pellet formed by centrifuging 
was resuspended in deionized water, and a 20 µL drop of the latex solution (2 % w/v) was 
deposited on a clean substrate.  The samples were dried in ambient conditions (25 °C, relative 
humidity ~60 %) to produce evaporative masks for particle lithography.  As water evaporates 
during drying, capillary forces pull the mesospheres together to form organized crystalline layers 
on flat surfaces.  During the drying step, most of the water evaporates and only tiny residues 
persist to form a meniscus surrounding the base of the spheres.  Next, the substrates with latex 
masks were placed into a sealed reaction vessel containing 300 µL of the selected organosilane.  
Organosilanes such as OTS, AAPTMS, MPTMS and PEG-silane were purchased from Gelest 
(Morrisville, PA), and used without further purification.  To generate an organosilane vapor, the 
reaction vessel was placed in an oven and heated at 70-80 °C for at least 6 h under ambient 
pressure.  During vapor deposition, organosilanes adsorbed to uncovered interstitial areas of the 
surface between latex spheres which contain water residues.  The latex masks were removed 
completely by sonication and rinsing with ethanol and deionized water. 
6.2.3 Deposition of a Second Organosilane by Solution Immersion 
Areas of the surface that were not covered with nanopatterns could be backfilled with a 
second organosilane by solution immersion.  Substrates with silane nanopatterns were immersed 
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for 4 h in a toluene solution containing 1 mM of the chosen organosilane.  Afterwards, the 
samples were cleaned by sonication in toluene and ethanol for 15 min. 
6.2.4 Attachment of Gold Nanoparticles to Organosilane Nanopatterns 
Gold nanoparticles were synthesized according to a previous procedure.219, 220 Surfaces of 
silicon or glass containing binary nanopatterns of OTS and MPTMS were immersed in a solution 
of gold nanoparticles for 8 h.  Afterwards, the samples were briefly sonicated in ethanol for 2 
min and then rinsed with ethanol and deionized water. Ultraviolet-visible spectra for arrays of 
gold nanoparticle were recorded with a Varian Cary 50 UV-Vis spectrophotometer (PaloAlto, 
CA). 
6.3 Results and Discussion 
6.3.1 Successive Steps for Defining Surface Chemistry via Particle Lithography 
Solutions of monodisperse mesoparticles spontaneously self-assemble to form close-
packed layers when dried on flat surfaces, as viewed in the AFM topography image of a film of 
200 nm latex spheres (Figure 6.1A).  The latex film exhibits hexagonal arrays of periodic, well-
ordered domains with relatively few defects.   The AFM topograph displays only the uppermost 
layer of the latex spheres, whereas the bottom layer in contact with the substrate actually 
provides the mask for chemical vapor deposition.  Often the bottom layer will have fewer defects 
and better packing than the top surface, because rows of particles are filled in from upper layers 
of spheres.137, 143  After preparing masks of monodisperse mesoparticles, the surfaces were 
exposed to heated organosilane vapors in the next step.  The time intervals for vapor exposure 
ranged from 6-24 hours, depending on the nature of the organosilane molecules that were chosen.  
The mesospheres are removed in the next step by simple immersion or sonication in deionized 
water or solvents.  Two properties of latex facilitate complete removal of the masks from the 
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surface: the buoyancy of the spheres as well as the tendency for the spheres to swell when liquid 
is added.  Nanopatterns of organosilanes such as octadecyltrichlorosilane (OTS) remain securely 
attached to the surface, as shown by a representative AFM topograph in Figure 6.1B.  Ring-
shaped nanopatterns of OTS were produced on Si(111) via vapor deposition using a mask of 150 
nm latex.  During vapor deposition, OTS molecules adsorb through hydrosilation onto uncovered 
interstitial areas of the surface between latex spheres. The area of contact between the substrate 
and the base of the spheres is effectively masked to produce patterns with circular geometries. 
The latex masks are selectively and completely removed with the rinsing step, whereas the 
organosilanes remain covalently bound to the substrates. 
 
Figure 6.1 Snapshots of the key steps of particle lithography. (A) Evaporative mask of 200 nm 
latex, 4 × 4 µm2 AFM contact-mode topograph; (B) Ring patterns of OTS formed on Si(111) 
viewed after latex removal (4 × 4 µm2 topograph); (C) Arrays of gold nanoparticles attached to 
thiol-terminated patterns of organosilanes (4 × 4 µm2).  
After preparing organosilane nanostructures, additional steps can be accomplished to 
backfill uncovered areas of the surface with new molecules or nanomaterials.  A second 
organosilane with different terminal groups can be used to backfill the bare areas of the 
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substrates by immersion.  Another successive chemical step can be accomplished by immersing 
the binary patterned surface into solutions of other molecules or nanoparticles.  An example is 
shown for gold nanoparticles deposited on nanopatterns of sulfur-terminated 3-
mercaptopropyltrimethoxysilane (MPTMS) in Figure 6.1C.  Because of the strong affinity 
between thiols and gold, gold nanoparticles adsorb selectively on the regions containing MPTMS.  
Arrays of gold nanoparticle aggregates were generated on surfaces of Si(111) nanopatterned with 
OTS and MPTMS.  The spacing and periodicity of the deposits of gold nanoparticles conform to 
the areas with MPTMS nanopatterns, and the areas of OTS provide an effective resist to prevent 
nonspecific binding in the surrounding areas. 
6.3.2 Change in Nanopattern Morphology with Different Drying Conditions of Masks 
Molecules of OTS adsorb onto unmasked interstitial areas of the surface surrounding 
latex mesospheres where water residues are located.36  The amount of water present on the 
masked surface is affected by the drying intervals as well as the size of the mesospheres.  Of 
course, a larger area of contact is observed for larger particles.  The spherical particles appear to 
trap tiny amounts of water in a local meniscus surrounding the base of the spheres, and this area 
increases progressively for larger diameters.  For smaller particles, more of the surface areas are 
masked by latex, to produce less uncovered space between spheres.  The area of contact directly 
underneath the spheres is effectively masked to produce patterns with circular geometries.  
Figure 6.2 demonstrates how the intervals for drying latex masks affect the morphology of 
organosilane nanopatterns on mica(0001). For latex masks that have been dried briefly (25 min), 
water is distributed homogeneously throughout areas of the surface to enable vapor phase 
assembly of OTS into the entire interstitial areas between latex particles (Figure 6.2A). The areas 
masked by the latex spheres are protected from silane adsorption to produce a uniform OTS film 
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with uncovered pore structures (Figure 6.2B and 6.2C).  The thickness of the film measures 2.2 ± 
0.4 nm, referencing the uncovered areas of the substrate as a baseline (Figure 6.2D).  When 
mesoparticle masks are dried under ambient conditions for longer intervals (12 h), only tiny 
residues of water persist to form a circular meniscus in areas surrounding the base of latex 
spheres (Figure 6.2E). When the partially-dried latex masks are exposed to OTS vapor, 
hydrolysis occurs only where water is present at the base of the spheres to form ring-shaped 
nanostructures of organosilanes as displayed in Figure 6.2F and 6.2G.  The height of the rings 
measures 2.3 ± 0.3 nm which matches the dimensions of the pore patterns within the OTS film 
(Figure 6.2H).  For latex masks which were fully dried in an oven, no water is available to 
initiate hydrosilation (Figure 6.2I).  After rinsing away the template latex particles of the oven-
dried masks, no nanostructures are visible on the mica surface.  There are no defined OTS 
nanostructures present in the AFM topograph of Figures 6.2J and 6.2K.  The cursor profile in 
Figure 6.2L further evidences that OTS structures did not form for templates which were dried in 
an oven.  
Nanoscopic amounts of water are essential to initiate surface hydrolysis for organosilanes 
to bind to substrates.  The distribution of water can be spatially controlled on surfaces using latex 
or colloidal silica mesoparticles as masks to direct the placement of water residues.  The amount 
of water on surfaces is a critical parameter for controlling the sites for hydrolysis of 
organosilanes such as OTS, which can be regulated with the drying intervals. When latex masks 
are dried briefly in ambient conditions, water is distributed homogeneously throughout areas of 
the surface to form an ultrathin film between mesoparticles.  The organosilane nanopatterns bind 
to the surface according to the arrangement and locations of water residues, essentially providing 
a fingerprint of the local distribution of water for AFM images of the nanopatterns.  For 
 68
mesoparticle masks that are dried under ambient conditions for longer intervals, water 
accumulates and form an exquisitely regular circular meniscus at the base of latex spheres.  As 
OTS vapor is introduced, hydrosilation only occurs where water is present to produce ring-
shaped nanopatterns.  Latex masks serve to define the locations of nanoscopic residues of water 
on gold surfaces which in turns spatially directs the sites for hydrosilation.  The vapor deposition 
strategy for nanopatterning has been used successfully for patterning surfaces of mica(0001), 
Si(111), glass and indium-tin oxide surfaces.  Even the relatively hydrophobic surfaces of 
Au(111) can be successfully applied as substrates with particle lithography.37 
 
Figure 6.2 Sites of water residues determine the surface morphology of organosilane 
nanostructures. (A) Interstitial areas between colloidal spheres are covered with water when 
mask is dried briefly; (B) topography image of a porous OTS film on mica(0001) formed by 
briefly drying 500 nm latex masks; (C) zoom-in view of B; (D) cursor profile for line in C; (E) 
water meniscus forms at the base of spheres when mask is dried for several hours under ambient 
conditions; (F) topograph of an array of OTS ring patterns on mica(0001) generated by partially 
drying latex masks (500 nm); [G] zoom-in view of F; (H) height profile for cursor line in G; (I) 
colloidal masks which are dried completely results in the absence of water on the surface; (J) 
topographic view revealing that no nanopatterns of OTS are generated on the surface when 
evaporative masks are dried completely; (K) zoom-in image of J; (L) cursor profile for line in K. 
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6.3.3 Nanoscale Control of Periodicity and Surface Coverage 
  Changes of certain experimental parameters provide a means to systematically define the 
periodicity and surface coverage of nanostructures produced by particle lithography.  For 
example, changing the diameter of the mesoparticle masks will alter the interpattern spacing as 
well as the size and surface densities of silane nanostructures.  An example is presented for 
arrays of 2-[methoxy(polyethylene-oxy)propyl] trimethoxysilane (PEG silane) nanopatterns 
produced with latex masks of various diameters, shown by a series of AFM topographs in Figure 
6.3.  The surface density increases as the diameter of the latex spheres used as evaporative masks 
is changed from 500 nm to 300, 200, 150 and 100 nm for Figures 6.3A, 6.3B, 6.3C, 6.3D and 
6.3E, respectively.   For example, in the successive zoom-in views of Figure 6.3, the third 
column shows a 1 x 1 µm2 view.  The number of particles progresses from 3 nanopatterns per 
µm2 in Figure 6.3A to 9, 19, 32 and 52 rings per µm2 for Figures 6.3B-6.3E, in succession.  The 
periodicity of the ring patterns of PEG silane can be measured with cursor line profiles, and were 
found to closely match the expected diameters of the latex masks.  The long-range order and 
organization of PEG-silane rings is apparent in the successive zoom-in views, with only a few 
defects produced by missing particles.  The ring-shaped geometries of PEG-silane nanopatterns 
are remarkably consistent.  Regardless of the latex diameters, the heights of the PEG ring 
patterns are quite uniform at the nanoscale, ranging from 6.4 to 7.1 nm.  The unevenness of the 
height is likely produced by beading of water on the surface areas during the vapor deposition 
step, causing slightly irregular wetting of the surface. The self-assembly process of various 
organosilanes have been reported to proceed via an island growth mechanism.35, 113, 221, 222 The 
adsorption of preorganized aggregates of organosilane molecules first occurs on surfaces where 
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the nanoscopic residues of water are confined with latex masks. Slower adsorption processes 
continue to form a more dense layer until hydrosilation is completed. 
 
Figure 6.3 Changes in surface coverage and periodicity of organosilane nanopatterns using 
different mesosphere diameters.  Tapping mode views of PEG silane nanopatterns on Si(111) 
fabricated using (A) 500, (B) 300, (C) 200, (D) 150, and (E) 100 nm diameter latex.  
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Estimates of the surface coverage as well as the surface areas of the rings and pores of the 
PEG-silane nanopatterns are plotted in Figure 6.4.  The charts clearly demonstrate that the 
surface area of the uncovered substrates as well as the areas covered by the ring patterns change 
accordingly with mesoparticle diameters.  The estimates were made using AFM analysis 
software with multiple images.  The surface coverage for PEG-silane nanopatterns changes from 
32 to 74 percent as the diameters of latex masks decrease from 500 nm to 100 nm (Figure 6.4A).  
With smaller latex mesoparticles, close-packed evaporative masks offer more sites for surface 
hydrosilation to generate a larger number of nanopatterns, thus resulting in higher surface 
coverage.  The surface areas covered with PEG-silane within the rings changes with latex 
diameters (Figure 6.4B), ranging from 3000 nm2 (100 nm sphere diameter) to 14000 nm2 (500 
nm diameter).  The variation in the surface area of the rings results from changes in the size of 
water meniscus formed at the base of spheres.  The areas of the rings are defined by the areas 
wetted by nanoscopic amounts of water.  Larger mesoparticles enable more water to become 
trapped as residues at the base of the spheres, forming a larger water meniscus for hydrosilation. 
  The area of the patterns is also strongly affected by the drying conditions of latex masks.  
The surface areas of uncovered pore areas inside the PEG rings was observed to increase with 
larger latex diameters (Figure 6.4C). The pore sizes change from 1900 nm2 to 14000 nm2 as the 
latex diameter is increased from 100 to 500 nm.  Measurements of the surface areas of uncovered 
pore sites within the PEG rings provide a way to assess the actual region of contact between 
latex spheres and the surface. The hydrodynamic radius of latex particles change upon wetting 
and the swelling of latex can cause the diameters of spheres to change at the nanoscale.  As latex 
solutions are deposited and dried, the deformability of polystyrene latex results in changes for 
the area of contact between the latex spheres and the surface. 
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Figure 6.4 Data analysis of the effect of latex diameter on (A) surface coverage of PEG silane 
nanostructures, (B) surface area of PEG silane ring patterns, and (C) surface area of uncovered 
pores.  
6.3.4 Applicability of Particle Lithography for Different Terminal Moieties 
Particle lithography was also applied successfully for patterning amine-terminated silanes. 
Nanopatterns of N-(6-aminohexyl) aminopropyltrimethoxysilane (AAPTMS) are shown in 
Figure 5 for various diameters of latex masks.  Successive zoom-in views reveal that AAPTMS 
nanopatterns exhibit exquisitely uniform and regular ring morphologies, regardless of the 
different latex diameters (Figure 6.5A, 6.5B, and 6.5C).  The heights of the PEG ring patterns are 
quite consistent, ranging from 3.2 to 3.7 nm. The periodicity corresponds closely to the 
dimensions of latex masks.  The surface coverage and density of AAPTMS nanopatterns are 
changeable with the diameters of mesoparticle masks used for particle lithography.  The zoom-in 
images display a very slight unevenness of the height on the order of ±0.2 nm, which results 
from the subtle differences in surface wettability during the vapor deposition step. 
The changes in surface density were evaluated and compared as a function of latex 
diameter (Figure 6.6A) for AAPTMS and PEG silane nanostructures.  Since the number of 
nanostructures is determined by the packing density of the latex spheres of the evaporative masks, 
the surface densities are nearly identical.  The numbers of PEG rings range from 3.9 × 108 
nanostructures per cm2 for 500 nm spheres, to as high as 7.6 × 109 for 100 nm latex.  
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Figure 6.5 Periodic nanostructures of AAPTMS on Si(111) produced using particle lithography 
combined with heated vapor deposition. Tapping-mode AFM topographs of AAPTMS 
nanopatterns produced with latex masks having periodicities of (A) 300 nm, (B) 200 nm, and (C) 
150 nm.  
The steps of particle lithography combined with chemical vapor deposition are shown to 
generate high surface densities with excellent reproducibility and well-defined geometries.  Once 
the experimental conditions are optimized, dozens of samples prepared with the selected 
conditions exhibit identical nanoscale morphologies.  Several samples were prepared to acquire 
data for the surface coverage and density, and the areas shown in Figure 6.3 and Figure 6.5 are 
representative of multiple areas and views throughout the surface. 
Interestingly, AFM images display distinct differences in surface area for the rings of 
AAPTMS (Figure 6.5) compared to PEG silane nanopatterns (Figure 6.3). The self-assembly 
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process and reactivity of organosilanes influence the resulting structures formed with silanes.  
The longer polymer chains of PEG-silane molecules aggregate and interdigitate to form 
relatively larger clusters and proceed with a slower adsorption process on surfaces until 
hydrosilation is complete.  The shorter chains of the amine-terminated silane, AAPTMS, can 
self-catalyze the hydrolysis leading more aggressively to forming a monolayer compared to 
PEG-silane.223-225 Due to interactions of head and tail groups between amine and silanol moieties, 
AAPTMS forms multilayers on surfaces, resulting in more disordered structures.112, 226 Zoom-in 
AFM views of AAPTMS nanopatterns reveals that the ring shaped structures are composed of 
smaller clusters.  Comparison of the surface coverage of AAPTMS and PEG-silane nanopatterns 
is presented in Figure 6.6B.  A slight difference in surface coverage is observed for AAPTMS 
versus PEG-silane. The observed differences may attributable in part to AFM imaging artifacts.  
The widths of AFM probes can differ greatly at the nanoscale, and contribute to broadening of 
lateral dimensions of very small surface features.  However, it is more likely that the differences 
in overall surface area of the rings arise from natural differences in self-assembly and physical 
dimensions of AAPTMS versus PEG silanes. The surface coverage of nanopatterned surfaces 
with AAPTMS corresponds with the size of the latex masks: 47 %, 54 % and 65 % for 300 nm, 
200 nm and 150 nm, respectively. 
 
Figure 6.6 Comparison of (A) the surface densities and (B) the percent surface coverage 
between PEG and AAPTMS nanostructures produced with various latex diameters.  
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An example of the high throughput capabilities of particle lithography for fabricating 
organosilane nanopatterns is presented in Figure 6.7.  The long-range order and organization of 
PEG-silane nanopatterns produced with 150 nm latex mesoparticles are apparent in the tapping 
mode AFM topograph, exhibiting relatively few defects over the 20 × 20 µm2 scan area (Figure 
6.7A).  For a specific fabrication condition, the surface morphologies were highly consistent and 
reproducible.  The simultaneously acquired phase image in Figure 6.7B reveals that the PEG 
rings do not touch neighboring patterns. Phase images can sensitively distinguish differences in 
surface chemistry, elastic response as well as edge effects.227-230 The surfaces of PEG-silane 
rings exhibit a fairly uniform composition with a brighter contrast relative to the uncovered areas 
of silicon between the nanopatterns.  The fast Fourier Transform (FFT) analysis for the AFM 
image of PEG rings is shown in Figure 6.7C.  The FFT image clearly evidences the long range 
order and periodic hexagonal arrangement for arrays of PEG-silane rings. 
 
Figure 6.7 Wide area view of PEG-silane nanopatterns on silicon demonstrates the high 
throughput capabilities of particle lithography. (A) Topograph and (B) simultaneously acquired 
phase image acquired in ambient conditions with tapping mode AFM. (C)] The FFT analysis for 
the AFM topography image in A.  
6.3.5 Spatial Selectivity for Generating Arrays of Gold Nanoparticles 
Organosilane nanostructures can be used to direct the placement of metal nanoparticles 
on surfaces.  An example is presented in Figure 6.8 for the steps of patterning a resist silane of 
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OTS, backfilling uncovered areas via an immersion step with a thiol-terminated organosilane, 
and the attachment of gold nanoparticles at defined sites using selected chemistries.  In the first 
step, methyl-terminated patterns of OTS were generated either on silicon or glass substrates 
using the previously described approach for vapor deposition through mesoparticles masks 
(Figure 6.8A).  Arrays of OTS nanopatterns with pores of uncovered areas of substrate were 
produced as shown in Figure 6.8B (topograph) and 6.8C (lateral force image).  Referencing the 
uncovered areas of the substrate as a baseline, the thickness of the OTS film is fairly even 
throughout the surface, exhibiting uniform coverage between pores.  The dark areas of the lateral 
force or friction image pinpoint the locations where latex particles were displaced.  The 
differences in surface chemistry between the OTS film and the uncovered areas of the silicon 
substrate are apparent in Figure 6.8C.  The bright color of the OTS areas is quite uniform in 
contrast, indicating a homogeneous chemistry at the interface.  Within this 4 × 4 µm2 frame there 
are 1495 nanopores providing 36 % of the surface area for additional adsorption sites. 
The uncovered areas of the silicon surface enable further chemical steps to deposit a 
second organosilane via solution immersion.  A short chain silane with thiol head groups was 
deposited in the pore areas by 4 h immersion in a solution of 1 mM MPTMS in toluene (Figure 
9D).  The overall surface design therefore contains circular areas (ca. 68 nm diameter) presenting 
thiol groups surrounded by passivated areas with methyl-terminated OTS.  The changes in 
surface topography after the MPTMS immersion step are shown in Figures 9E and 9F.  At this 
magnification, the shapes of the pores can no longer be clearly distinguished in the topography 
frames.  The height differences between OTS and MPTMS are small in comparison to the 
roughness of the surface of polished silicon. The RMS roughness measured 1.6 nm for the area 
shown.  However, the differences in surface chemistry can be clearly distinguished in the 
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corresponding lateral force image of Figure 9F.  The differences in adhesion between the tip and 
sample provide a sensitive map of the surface chemistry of the headgroups of OTS versus 
MPTMS.  The brightest color corresponds to the areas with methyl groups (OTS) whereas the 
thiol groups (MPTMS) inside the pores are darker in contrast. A tiny black dot at the center of 
the pores indicates that no MPTMS was deposited at the very center spot where the latex spheres 
made contact with the substrate. This suggests that saturation coverage was not completely 
achieved for the pore areas. 
 
Figure 6.8 Sequence of the chemical steps for selective attachment of gold nanoparticles onto 
nanopatterns of organosilanes. (A) Nanopatterning OTS using particle lithography; (B) 
topography of an OTS film with pore-shaped structures produced with 300 nm latex particles; (C) 
corresponding frication image for B; (D) deposition of MPTMS onto uncovered surfaces inside 
OTS nanopatterns; (E) topography of nanopatterned surfaces with mixed silanes of OTS and 
MPTMS; (F) friction image for E; (G) gold nanoparticles selectively adsorbed onto reactive 
domains of MPTMS; (H) topography of  arrays of gold nanoparticles produced using selective 
adsorption; (I) simultaneously acquired friction image for H. 
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The MPTMS nanopatterns can be used for selective deposition of gold nanoparticles via 
S-Au chemisorption (Figure 6.8G).  The thiol-terminated MPTMS patterns provide sites to 
selectively confine and anchor gold nanoparticles to the surface.  The methyl-terminated films of 
OTS provide a highly effective resist to prevent binding at boundary areas surrounding the 
circular areas of MPTMS.  Due to the strong affinity between thiols and gold, 231-233 the gold 
nanoparticles adsorb selectively and uniformly at the regions with MPTMS, as demonstrated in 
the AFM images of Figures 6.8H and 6.8I. Within the 4 × 4 µm2 topograph of Figure 6.8H, there 
are 1324 aggregate nanostructures comprised of 3-5 gold nanoparticles within the clusters.  The 
corresponding lateral force image exhibits interesting changes for gold nanoparticles attached to 
MPTMS, the edges of individual nanoparticles can be resolved, providing a means to outline the 
shapes of individual nanoparticles (Figure 6.8I).  
Successive zoom-in views of an array of gold nanoparticle clusters that were selectively 
adsorbed on a surface template of MPTMS nanopatterns surrounded by OTS are presented in 
Figure 6.9, for a sample prepared from masks of 300 nm latex mesospheres.  A representative 10 
× 10 μm2 topograph reveals the overall organization of the gold nanoparticles on the silicon 
substrate (Figure 6.9A).  The interstitial areas that are covered with methyl-terminated OTS 
provided a highly uniform and selective resist for preventing nanoparticle adsorption, whereas 
the pore regions filled with MPTMS define surface attachment sites presenting thiol groups to 
direct the binding of nanoparticles.  A further close-up view in Figure 6.9B discloses the 
symmetry and arrangement of 188 gold nanoparticle ensembles, which cover 31 % of the total 
surface.  The clusters are composed of aggregates of 3-5 gold nanoparticles, approximately 13 % 
of the clusters containing 2 nanoparticles. Within the 1 × 1 μm2 area of Figure 10C, nine clusters 
of gold nanoparticles are apparent the 3-D zoom-in view.  These images are representative of 
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areas throughout the sample, and demonstrate the exquisite spatial selectivity of organosilane 
nanopatterns.  An average periodicity of 310 ± 14 nm was measured for the arrays of gold 
nanoparticles (Figure 6.9D), which corresponds closely to the dimensions of the latex masks 
(301 ± 4 nm).  The average height of the gold nanostructures measured 13 ± 3 nm, with lateral 
dimensions ranging from 32 to 53 nm.  
 
Figure 6.9 Successive magnified views of the clusters of gold nanoparticles produced on Si(111). 
(A) Wide area topograph of periodic arrays of gold nanoparticles (10 × 10 μm2); (B) close-up 
view of the nanoparticle aggregates (5 × 5 μm2); (C) zoom-in view of the clusters of gold 
nanoparticles (1 × 1 μm2); (D) cursor profile for the line in C. 
Characterizations with ultraviolet-visible spectrophotometer were used to investigate the 
optical property of arrays of gold nanoparticle clusters (Figure 11). For comparative reference, 
UV-Vis spectra were acquired for a gold nanoparticle solution and for a piece of glass with 
organosilane nanopatterns. A significant absorption peak was observed at 521 nm in the UV-Vis 
spectrum for the solution of suspended gold nanoparticles (green curve in Figure 11).  The 
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spectrum in Figure 11 (blue curve) does not exhibit a prominent absorption peak in the visible 
region (350-700 nm). For the sample of gold nanoparticles adsorbed onto nanopatterned surfaces, 
a remarkable red-shift up to a value of 632 nm was observed in the UV-Vis spectrum (red curve 
in Figure 11). The red spectral shift is attributed to the changes of interparticle distance as gold 
nanoparticles assemble on the confined areas of the surface.234-237 With spatially directed 
confinement of gold nanoparticles on nanopatterned glass surfaces, the arrays of nanoparticles 
aggregates retain characteristic optical properties. 
 
Figure 6.10 Investigating the optical property of arrays of gold nanoparticle clusters with 
ultraviolet-visible spectrophotometer. Red curve is the spectra of the gold nanoparticle solution. 
Blue curve corresponds to spectra of nanopatterned surfaces without gold nanoparticle adsorbed. 
Green curve displays the spectra of arrays of gold nanoparticle clusters produced using selective 
adsorption. 
6.4 Conclusion 
Particle lithography provides advantages of high throughput for patterning organosilanes, 
furnishing nanoscale control of the surface coverage, geometry and dimensions of nanostructures.  
If there was ever a concern that molecularly thin films could be used effectively to spatially 
define sites for successive stepwise chemistry or to direct the adsorption of nanomaterials at very 
small size scales, the examples presented should definitively illustrate the capabilities of surface 
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chemistry for defining spatial selectivity.  This report is a prelude to new directions for nanoscale 
patterning, with bench chemistry steps that are accessible in most laboratories.  
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CHAPTER 7. DETECTING THE MAGNETIC RESPONSE OF IRON OXIDE CAPPED 
ORGANOSILANE NANOSTRUCTURES USING MAGNETIC SAMPLE 
MODULATION AND ATOMIC FORCE MICROSCOPY 
7.1 Introduction 
Studies of the size-scaling effects for magnetic nanomaterials are an important direction for 
surface investigations, if the difficulties for characterizing properties at very small dimensions 
can be overcome.  Understanding magnetic size scaling is not only important for understanding 
the behavior of existing nanomaterials but is also valuable for efforts to develop new materials 
with engineered properties.  Magnetic nanomaterials are used for magnetic fluids,238-240 
catalysis,241-243 magnetic separations,244-246 magnetic resonance imaging,247-249 data storage250-252 
and biosensing/biomedical technologies.253-255 In this chapter, a hybrid AFM mode will be 
described for highly sensitive and selective characterizations of the vibrational motion of 
magnetic nanomaterials responding to the flux an alternating electromagnetic field.  
For scaling effects of magnetic nanomaterials, precise knowledge of the relationships 
between particle shape and size, surface structure and the resulting magnetic properties is 
incomplete.  The fundamental magnetic properties of nanomaterials, such as blocking 
temperature, spin lifetime, coercivity and susceptibility are influenced by size scaling.42, 256 
Changes of magnetic properties with nanoscale dimensions are not well defined even for simple 
particles composed of pure materials such as Fe, Co, or Ni, whereas the bulk properties are well 
understood.257 Basically, the physics and properties of magnetic nanostructures cannot 
necessarily be inferred from scaled down properties of bulk materials.258 Unique magnetic 
phenomena are exhibited for nanoparticles, which are different than bulk properties. As particle 
sizes decrease, more of the atoms of a nanoparticle are surface atoms; therefore surface and 
interface effects predominate.10 For magnetic materials, surface effects can lead to a decrease of 
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the total magnetization in comparison to the bulk value, such as for oxide nanoparticles.259 
However, an enhancement of the magnetic moment was reported for metal nanoparticles of 
cobalt.260 Another surface-driven effect is enhancement of the magnetic anisotropy, Keff with 
decreasing particle size.260, 261  
Several measurement modes with scanning probe microscopy (SPM) provide surface 
characterizations for evaluating size-dependent effects for scaling magnetic properties.  Imaging 
modes have been developed such as magnetic resonance force microscopy (MRFM),262-265 
magnetic AC or MAC-mode,266-269 and magnetic force microscopy,270-273 however all of these 
methods require the use of tips with a magnetic coating.  Magnetic probes can be problematic, 
since the magnetic properties of the thin metal films which coat the underside of the probes 
diminish over time, requiring remagnetization.  Also, after continuous contact mode scanning, 
the thin metal films can be worn away.  The thickness of the magnetic coatings is on the order of 
tens of nanometers, which greatly decreases resolution for imaging small surface features.  
Intrinsically, the resolution of SPM methods depends on the geometry of the coated probe; and 
metal coatings produce relatively large, blunt tips.   
The conventional approach for magnetic imaging with SPM is known as magnetic force 
microscopy (MFM).274-279 For MFM, a tip that is coated with a magnetic material is operated in 
non-contact mode, and used as a magnetic force sensor to detect the relatively weak long-range 
forces of magnetic areas of surfaces operating over distances from 50-200 nm.  Thus, for MFM 
the magnetic field of the sample must be strong enough to deflect or attract a micrometer-sized 
cantilever for mapping the surface domains.  The MFM approach provides a means to map the 
strength of the magnetic field at various distances, (e.g. 50, 100, 150 nm) from the surface.  Thus, 
MFM indicates the relative strength and polarity of magnetic regions. The limits of MFM 
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detection intrinsically depend on the size and spring constant of the magnetic lever. The lateral 
resolution of MFM is related to the dimensions of the magnetic coating at the apex of the probe, 
with a metal film thickness that is typically ~100 nm.280, 281    
This chapter presents a new approach for mapping the magnetic response of nanomaterials 
by combining magnetic sample modulation with contact mode AFM.  The method employs a 
soft, non-magnetic cantilever operated in contact mode for detecting the physical motion of 
nanoparticles which are driven to vibrate by an AC electromagnetic field.  The periodic motion 
of the sample vibration can be tracked by changes in the deflection of the tip.  The changes in 
phase angle and amplitude as the tip interacts with the vibrating sample are plotted as a function 
of tip position to create MSM phase and amplitude images.  Also, frequency spectra of the 
nanomaterials in response to an applied magnetic field can be acquired with MSM by placing the 
AFM tip in direct contact with a vibrating nanostructure and sweeping the field frequency.  A 
key strategy for these investigations was to use particle lithography to produce arrays of regular 
nanostructures as test platforms with tailorable sizes and spacing.36  Successive steps of particle 
lithography, chemical vapor deposition and electroless metal plating were used to fabricate 
arrays of iron oxide nanostructures as model test platforms for MSM characterizations.39 
Millions of nanostructures can be reproducibly prepared with relatively few defects and high 
surface density to enable multiple successive SPM measurements of well-defined structures. 
7.2 Materials and Method 
7.2.1 Materials and Reagents 
Octadecyltrichlorosilane (OTS) and 3-mercaptopropyltrimethoxysilane (MPTMS) were 
purchased from Gelest (Morrisville, PA) and used without further purification. Iron (II) chloride 
tetrahydrate (ReagentPlus), sodium nitrite (ACS Reagent) and sodium acetate were obtained 
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from Sigma-Aldrich (St. Louis, MO).  Silicon wafers doped with boron (Virginia Semiconductor 
Inc., Fredericksburg, VA) were used as substrates.  Silicon wafers were cut into small pieces 
(1×1 cm2) and cleaned by immersion in Piranha solution for one h.  Piranha solution is a mixture 
of sulfuric acid (96%, EMD Chemical Inc., Gibbstown, NJ) and hydrogen peroxide (30%, 
Sigma-Aldrich) at a ratio of 3 : 1 (v/v). This solution is highly corrosive and should be handled 
carefully.  Silicon substrates were then rinsed with deionized water (Milli-Q, Millipore, Bedford, 
MA) and dried in ambient air.  Monodisperse polystyrene latex solutions were purchased from 
Duke Scientific (Palo Alto, CA). The latex spheres were washed twice with deionized water by 
centrifugation to remove contaminants such as charge stabilizers or surfactants. A pellet is 
formed by centrifuging latex suspensions for 15 min at 14000 rpm, which can then be 
resuspended in aqueous solutions. 
7.2.2 Scanning Probe Microscopy 
An Agilent 5500 SPM system equipped with a multipurpose AFM scanner (maximum area 
11 x 11 µm2) was used for surface characterizations (Agilent Technologies, Tempe, AZ).  The 
scanner was operated with open-loop feedback for continuous imaging in contact mode.  A 
magnetic AC mode (MAC-mode) sample plate was used to generate an alternating 
electromagnetic field for MSM.  The scanner has a scanning tip configuration, which 
incorporates interchangeable nose cones for various imaging modes.  An empty plastic nose cone 
assembly without metal components was used for MSM imaging.  Picoscan v5.3.3 software was 
used for data acquisition.  Digital images were processed with Gwyddion (version 2.9) open 
source software supported by the Czech Metrology Institute, which is freely available on the 
Internet.138 Commercially available non-magnetic silicon nitride cantilevers with force constants 
ranging from 0.1 to 0.5 N m–1 were used for AFM imaging, (Veeco Probes, Santa Barbara, CA). 
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7.2.3 Sample Preparation 
Samples to be interrogated by MSM must be moveable, which underscores the critical role 
of lithography approaches for sample preparation.  Custom test platforms of magnetic 
nanostructures were prepared using successive steps of particle lithography, organic vapor 
deposition and electroless deposition of iron oxide, to enable AFM characterizations at the level 
of individual nanostructures.36 The steps for fabricating nanostructured test platforms are 
outlined in Figure 7.1.  First, an aqueous solution containing monodisperse latex particles (200 
nm) was deposited on clean Si(111) substrates.  Next, the sample was dried in air to form a latex 
film.  As the water evaporates during drying, capillary forces draw the latex spheres together to 
form organized crystalline layers. The film of close-packed latex particles provides an 
evaporative mask for heated vapor deposition of organosilanes.  The colloidal masks were placed 
into a reaction vessel containing a few drops of neat OTS (300 µL).  To generate a vapor, the 
vessel was placed in an oven at 70 °C under ambient pressure. During heating, a vapor of OTS is 
produced in which the vapor-phase molecules permeate between latex spheres of the colloidal 
mask and adsorb onto the uncovered interstitial areas of the substrate.  After cooling, the latex 
particles were then removed by sonication in ethanol (ACS grade, Pharmco, Aaper, TX) for 15 
min, followed by rinsing with ethanol and deionized water.  Nanopatterns of OTS remain 
covalently bound to silicon substrates and were not removed by the rinsing step. 
In the next lithography step, a second molecule was deposited by immersion to backfill 
uncovered areas of the surface.  The pores of the OTS patterns were filled by immersing the 
sample in a solution containing 0.1 mM MPTMS in toluene (reagent grade, EMD Chemical Inc., 
Gibbstown, NJ) for 4 h.  The sample surface was then further cleaned by successive sonication in 
toluene and ethanol for 15 min.  The final step employed electroless deposition to generate 
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nanostructures of iron oxide (Fe3O4) on MPTMS nanopatterns.282, 283 A 10 mM solution of iron 
(II) chloride tetrahydrate in sodium acetate buffer (65 mM) at pH 7.4 was mixed with a 30 mM 
solution of sodium nitrite at a ratio of 10:1 (FeCl2 : NaNO2, v/v).  The patterned substrates were 
immersed in the mixed solutions for 25 min at 70 ºC for electroless deposition.  Afterwards the 
samples were rinsed with deionized water and dried in air.  A model of the nanostructures 
produced using electroless deposition of iron oxide on MPTMS nanopatterns is presented in 
Figure 7.1. 
 
Figure 7.1 Steps for fabricating magnetic nanostructures (left); model for iron oxide 
nanostructures formed on MPTMS nanopatterns (right). 
Topographic views of the test platforms acquired using conventional contact-mode AFM 
are shown in Figure 7.2.  The upper row displays 2D and 3D images of the OTS nanopatterns 
before the steps of backfilling with MPTMS and metal deposition.  The bottom row reveals 
surface changes after forming metal nanostructures.  A relatively wide area of the surface is 
presented in Figure 7.2A for an 8 × 8 µm2 frame, which is representative of the morphology 
throughout the entire sample.  The morphology of the underlying surface of a polished silicon 
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wafer is apparent; uncovered substrates have an RMS roughness of 2.4 nm.  A high surface 
density and periodic arrangement of rings are prominent in Figure 7.2A, there are approximately 
1900 nanopatterns within this image, which scales to 3 × 109 nanopatterns/cm2.  Zooming in for 
a closer look, the 1 × 1 µm2 topograph reveals the regular geometries and interpattern registry of 
the OTS nanopatterns (Figure 7.2B).  The center-to-center spacing corresponds to the diameter 
(200 nm) of the mesosphere mask; however, the central pore areas which define locations for 
depositing MPTMS and iron oxide are much smaller, ranging from 56 to 67 nm.  The heights 
measured for the ring nanostructures is 2.6 ± 0.4 nm, which matches well with the predicted 2.5 
nm height for a densely packed OTS self-assembled monolayer (SAM) with an upright 
orientation (Figure 7.2C).  The areas surrounding the ring structures evidence height changes 
after OTS adsorption; however the density and surface coverage are lower for the areas between 
the rings.  The central areas of some of the pores evidence small residues of OTS, which are 
likely caused by imperfect contact of the latex spheres with the silicon surface.  The latex 
spheres mask a well-defined circular geometry for the subsequent backfilling step with MPTMS. 
Thiol-terminated MPTMS was used to link the metal nanostructures to the surface, whereas OTS 
furnishes a hydrophobic interface to spatially constrain and confine the deposition of iron oxide 
selectively in the regions with MPTMS. 
An array of Fe3O4 deposits formed on the templates of MPTMS/OTS nanopatterns is 
demonstrated in Figures 7.2D and 7.2E.  After the electroless deposition step, rows of metal dots 
are observed throughout areas of the surface arranged in a regular periodic array.  A 
representative topograph is shown in Figure 7.2D which corresponds to the same size area as 
Figure 7.2A.  The interstitial areas that are covered with methyl-terminated OTS provide an 
effective resist for preventing metal adsorption, whereas the pore regions filled with MPTMS 
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define surface attachment sites presenting sulfur groups to direct metal binding.  The zoom-in 
view of Figure 7.2E reveals the remarkable symmetry and uniformity of 28 iron oxide 
nanostructures.  An average periodicity of 208 ± 12 nm was measured for the arrays of iron 
oxide nanostructures, which closely matches the dimensions of the latex masks (Figure 7.2F).  
With electroless deposition, the growth of a few nanometers of Fe3O4 occurs rapidly, within 30 
min.  The average height of the iron oxide nanostructures is 10 ± 3 nm, and the lateral 
dimensions ranged from 39 to 75 nm with an average size of 56 ± 10 nm.  The height of the 
nanostructures can be tailored by changing the immersion intervals or concentration of the 
plating solutions. Size analysis of 56 iron oxide nanostructures revealed a size variation of 26 %. 
The variability at the nanoscale for the dimensions of iron oxide nanostructures furnishes a 
useful geometry parameter for comparing magnetic response with MSM characterizations. 
 
Figure 7.2 Particle lithography produces regular periodic nanostructures for MSM. (A) 
Topograph of OTS nanopatterns; (B) close-up view; (C) cursor profile for the line in B. (D) 
Topograph of iron oxide nanostructures; (E) zoom-in view; (F) cursor profile for the line in E. 
7.2.4 Operating Principle for Magnetic Sample Modulation AFM 
The instrument set-up for MSM is a hybrid of contact mode AFM combined with selective 
actuation of magnetic samples (Figure 7.3A).  For the typical imaging procedure, first 
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conventional contact mode images are acquired without applying a magnetic field.  Next, the 
same area of the surface is scanned again with an applied oscillating electromagnetic field.  The 
polarity, oscillation and flux of the magnetic field are generated and controlled by selection of 
parameters for the AC current applied to the wire coil solenoid, which is located underneath the 
sample plate.  A photograph of the underside of the sample stage is shown in Figure 7.3B.  The 
center of the plate contains a wire coil solenoid embedded within an epoxy resin.  When an 
electromagnetic field is applied to samples, only the magnetic domains are driven to vibrate, 
providing selective contrast for areas that are in motion. The differences for images with and 
without an applied magnetic field are used to map magnetic domains.  Changes in the phase and 
amplitude of vibrating nanomaterials are mapped relative to the driving AC current applied to the 
solenoid.  A lock-in amplifier is used to acquire the amplitude and phase components of the 
deflection signals, which furnishes exquisite sensitivity for slight changes in tip movement.  
Using MSM, responses of both the amplitude and phase signal simultaneously acquired with the 
topographic channel, as well as spectra of the vibrational response, can be mapped with angstrom 
resolution. 
 
Figure 7.3 Imaging concept for magnetic sample modulation AFM. (A) Instrument setup; (B) 
photograph of a wire coil solenoid located underneath the sample plate. 
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For the instrument setup of MSM, the typical force-deflection settings for scanning in 
contact mode are used for topographic data acquisition.  For conventional contact mode AFM, 
the tip is scanned in continuous contact with the surface in an X-Y raster pattern, as illustrated in 
Figure 7.4A.  The beam from a diode laser is focused onto the back of the AFM cantilever, and 
deflected to a quadrant photodetector.  As the tip is rastered across the surface, changes in the tip 
position as it profiles the surface features correspondingly change the amount of light incident on 
the quadrants of the detector.  The feedback loop of the AFM scanner adjusts the voltages of the 
piezoscanner to maintain a certain set-point corresponding to the initial tip deflection.  The 
voltage changes for positional adjustment are mapped with the X-Y position of the tip to 
generate a 3D map of surface topography and friction.12, 284-289 
Typically, the magnetic AC (MAC) mode uses a sample stage with a wire coil solenoid to 
drive the oscillation of an AFM tip for tapping, when using a cantilever with a magnetic coating 
on the top side of the probe (Figure 7.4B).  For MAC-mode, an AC voltage is applied to the 
solenoid of the sample plate to generate a magnetic field which alternates in polarity, frequency 
and strength to precisely drive the actuation of the tapping tip.266, 290 A tip that is coated with a 
magnetic film is required for MAC-mode imaging.  The positional feedback for tapping mode is 
quite different from contact-mode AFM.  The voltages applied to the piezoscanner are adjusted 
to maintain a constant amplitude of tip oscillation.  For MAC-mode the tip is driven to 
intermittently “tap” the surface to minimize stick-slip adhesion and prevent damage to soft or 
sticky samples.  Two key differences between contact versus tapping mode AFM are the 
feedback mechanisms for controlling the tip position as well as the presence/absence of tip 
oscillation.  In contrast, the setup for MSM imaging requires non-magnetic probes.  For MSM 
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imaging, a MAC-mode sample stage is used to apply an AC electromagnetic field to drive the 
sample vibration rather than for driving tip oscillation.   
Force modulation AFM is a related imaging mode, in which the entire sample is induced to 
vibrate as the tip is operated in continuous contact with the sample surface (Figure 7.4C).11, 131, 
291-293 The sample is driven to oscillate at a selected frequency and amplitude while using the 
force-deflection feedback loop typical of contact mode AFM.  When the modulated surface is 
interrogated by the AFM tip, energy transfer causes the cantilever to vibrate.  Amplitude and 
phase signals are generated simultaneously with acquisition of topographic information.  The 
dampening or enhancement of the amplitude and phase components of the cantilever vibration 
depends sensitively on the softness and viscoelastic properties of the sample. 
 
Figure 7.4 Operating principle of AFM imaging modes that are related to MSM imaging. (A) 
Contact-mode; (B) MAC-mode; (C) Force modulation AFM. 
The approach for MSM imaging is a hybrid of three AFM imaging modes, in which the tip 
is operated in contact mode using a MAC-mode sample plate to apply an alternating magnetic 
field for selective modulation of magnetic domains.  Essentially, MSM is a variant of force 
modulation AFM with selectivity for actuating and characterizing magnetic nanomaterials.  With 
MSM, the periodic motion of the sample vibration can be tracked by changes in the deflection of 
the tip.  Changes in the phase angle and amplitude as the tip interacts with the vibrating sample 
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are plotted as a function of tip position to create MSM phase and amplitude images.  Digital 
channels for the amplitude and phase components of the tip motion are obtained by directing an 
auxiliary output channel from the photodiode to the input of a lock-in amplifier, using the driving 
AC waveform as a reference signal.  The mechanical motion of the sample will produce 
differences in contrast exclusively for vibrating domains responding to the flux of the magnetic 
field.  With MSM imaging, the differences displayed for images with and without an applied 
magnetic field are used to selectively map areas of magnetic nanomaterials. 
For MSM imaging, it is important to select a tip holder assembly (nose cone) and non-
magnetic tip to ensure that the tip is not driven to oscillate.  A magnetized probe or tip assembly 
would respond directly to the flux of the magnetic field and thereby interfere with the tip-sample 
response.  For the MSM set-up, the flux of the alternating magnetic field selectively induces 
mechanical vibration for magnetic nanomaterials on surfaces.  The dynamic motion of the 
magnetic nanomaterials driven by an oscillating magnetic field is sensed by an AFM tip only 
when it touches the vibrating domains.  Only magnetic domains vibrate, providing selectivity.  
The spectra of the vibrational responses as the frequency or strength of the AC electromagnetic 
field are ramped can also be plotted with nanoscale resolution using MSM, to enable dynamic 
imaging protocols. 
7.3 Results 
7.3.1 Mapping Magnetic Nanomaterials Using Magnetic Sample Modulation (MSM) 
Images were acquired with MSM for samples prepared with and without electrolessly 
deposited Fe3O4 nanostructures.  Samples without iron oxide nanopatterns were tested as a 
control.  Images and frequency spectra of the nanostructures without metal deposits are shown in 
Figure 7.5.  The data was acquired using contact mode AFM while an AC electromagnetic field 
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of 0.29 T was applied to the sample stage. The topography channel displays a periodic array of 
organosilane ring structures spaced at 200 nm intervals (Figure 7.5A). There are approximately 
124 nanopatterns within Figure 7.5A and the nanostructures cover ~31 % of the surface, 
exhibiting uniform thickness and geometries.  No surface features are evident in the amplitude 
(Figure 7.5B) or phase channels (Figure 7.5C) when the AC electromagnetic field is applied, as 
would be expected for non-magnetic materials.  When sweeping the frequency of oscillation 
from zero to 300 kHz, only a few small background blips are detected for the baseline of the 
control sample, resonance peaks are not evident with applying the flux of a magnetic field 
(Figure 7.5D). 
 
Figure 7.5 Control sample of organosilane nanostructures imaged with MSM (without metal 
deposits).  (A) Topography frame (2 × 2 μm2) acquired with an applied AC magnetic field of 0.1 
T; (B) concurrently acquired amplitude and (C) phase images for the same area. (D) Frequency 
spectra for the control sample. 
Successful results for imaging the iron oxide nanostructures with MSM are presented in 
Figure 7.6.  The color scales were selected arbitrarily to readily map and identify the oscillating 
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magnetic domains.  For MSM imaging a field strength of 0.29 T at a frequency of 42 kHz was 
applied to induce sample vibration. The topography frame reveals the size, shape and 
arrangement of the metal deposits; approximately 19 % of the total surface is covered with iron 
oxide nanostructures.  Within the 2 × 2 µm2 area there are 117 nanostructures, which scales up to 
~109 nanostructures per cm2.  Both amplitude and phase images clearly resolve the locations of 
magnetic domains (Figures 7.6B and 7.6C).   Thus, the flux of the AC electromagnetic field 
produces sufficient mechanical motion of the magnetic nanostructures to produce a detectable 
response with the AFM probe.  The AFM tip response has a periodic motion that can generate 
changes in amplitude and phase channels for the vibrating magnetic domains.  The color scales 
chosen for the phase and amplitude channels do not reflect changes in magnetic polarity.  The 
phase channel would require complex algorithms to interpret, due to the periodic nature of the 
sinusoidal AC waveform of the driving current.  However, the magnitude of the changes in 
amplitude response corresponds to changes in the tip deflection in the z-direction, on the order of 
1-5 nm.  The amplitude response was scaled in nm, to indicate the displacement of the AFM tip 
as it interacts with vibrating nanostructures. 
The resonance spectrum of the AFM tip when placed in contact with the iron oxide 
nanostructures (Figure 7.6D) displays multiple broad peaks in the presence of an applied AC 
electromagnetic field. The maximum resonance occurs at a frequency of 42 kHz, which is 
different than the natural resonance of the cantilever (28 kHz).  When the tip is lifted from the 
surface, no peaks are detected in the presence of the applied field.  The probe must be placed 
directly in contact with the surface of a magnetic nanostructure to obtain a frequency profile such 
as in Figure 7.6D.  Resonance spectra provide a convenient means to optimize the experimental 
parameters (driving frequency and field strength) for MSM imaging. 
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Figure 7.6 Images of iron oxide nanostructures acquired using MSM.  (A) MSM topography 
frame (2 × 2 μm2); (B) corresponding amplitude and (C) phase channels; (D) plot of frequency 
sweep when the tip was placed on an iron oxide nanostructure. 
As the samples are scanned with MSM, parameters such as the field strength and driving 
frequency can change images at any point during image acquisition.  To demonstrate changes in 
the vibration of magnetic domains induced with MSM, an image was acquired with and without 
applying the AC electromagnetic field (Figure 7.7). The sample was scanned beginning at the 
bottom of the frame with the field turned off.  After scanning half of the image area, an AC 
magnetic field of 0.29 T was applied.  Within the 2 × 2 µm2 topographic frame, the resolution 
and view of the array of Fe3O4 nanostructures has not noticeably been changed when the field is 
turned on (Figure 7.7A).  The magnitude of the vibration is on the order of a few nm, which is 
relatively small.  However, the changes in the amplitude and phase channels (Figures 7.7B and 
7.7C) when the field is activated become apparent immediately. 
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Figure 7.7 Changes for MSM images when the field was activated during the process of data 
acquisition. (A) Simultaneously acquired topography; (B) amplitude; and (C) phase images 
acquired with and without the alternating magnetic field. 
7.3.2 Effect of Changing the AC Frequency Parameter 
Changes in the vibration of magnetic domains driven by the external magnetic field can be 
investigated in situ by successively changing the frequencies for driving the AC electromagnetic 
field during data acquisition of a single image (Figure 7.8).  This protocol enables investigations 
of the frequency or amplitude dependence of imaging magnetic domains by autoscaling a side-
by-side comparison within a single frame.  Figure 7.8 presents MSM images acquired with four 
different frequencies near the resonance peak position, with an applied magnetic field strength of 
0.29 T.  The frequencies were changed in situ without halting data acquisition.  Artifacts, such as 
transition bands or line spikes, were not produced for the topographic image (Figure 7.8A).  
Views of the morphology of the iron oxide nanostructures are not noticeably affected by changes 
in modulation frequencies in the topography frames.  However, differences are clearly apparent 
in amplitude and phase channels (Figures 7.8B and 7.8C).  The amplitude frame correlates with 
the magnitude of the tip response, and the changes follow accordingly with the height of the peak 
positions of the frequency profile.  The maximum peak height evidences the greater change in 
the magnitude of vibration response.  Four frequencies were selected along the broad resonance 
peak, 42 kHz, 34 kHz, 23 kHz and 12 kHz.  At the maximum resonance frequency of 42 kHz, the 
magnetic domains exhibit sharp contrast for both the amplitude and phase frames.  For the 
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frequencies below 42 kHz, the images display correspondingly smaller changes in contrast 
within the amplitude image.  Due to the periodic nature of the sinusoidal AC waveform of the 
driving current for MSM, changes observed for the phase channel are difficult to interpret.  
Trends for changes in the phase images of the tip oscillation do not scale with the magnitude of 
the tip displacement.  For example, the phase response at 23 kHz is sharper and more readily 
distinguishable than observed at the resonance peak of 42 kHz.  Phase images often visualize the 
finer details of surface shapes, such as for defining the boundaries and lateral dimensions of 
nanostructures.  The experiment of Figure 7.8 indicates that MSM imaging is highly sensitive 
according to the parameters selected for the driving modulation frequency. 
 
Figure 7.8 Dynamic modulation experiment for autoscaling changes in MSM images as the 
resonance frequencies are changed in situ. (A) Topograph (4 × 4 μm2); (B) amplitude image; (C) 
phase image; (D) frequencies selected for the modulation parameters. 
The flux of the alternating electromagnetic field selectively induces vibrational motion for 
magnetic nanomaterials on surfaces during acquisition of MSM frequency spectra.  A 
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comparison of frequency spectra at different field strengths is presented in Figure 7.9.  Three 
levels of electromagnetic field strength were selected to evaluate the changes in frequency 
spectra. For non-magnetic nanopatterns of OTS, prominent changes were not observed within the 
frequency spectra as the strength of field was successively increased from 0 to 2.9 T (Figure 
7.9A).  Only a few small background signals are apparent within the frequency range of 0 to 300 
kHz.  The control experiment demonstrates that the tip does not vibrate in response to the applied 
AC field.  When the tip was placed in contact with an iron oxide nanostructure (Figure 7.9B) 
multiple broad peaks became apparent in the presence of an applied magnetic field.  Multiple 
resonance peaks were observed as the field strength was increased, and the magnitude of the 
peaks also increased accordingly with field strength.  The resonance frequency was observed to 
shift from 45 kHz (0.12 Tesla) to 42 kHz (0.29 Tesla) depending on field strength. 
 
Figure 7.9 Changes in MSM frequency spectra as the strengths of the applied electromagnetic 
field varied. (A) Frequency spectra for organosilane nanopatterns; (B) frequency profiles 
acquired with iron oxide nanostructures. 
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7.3.3 Investigation of Size-Dependent Properties of Magnetic Nanostructures Using MSM 
An analysis of the trend in size versus the displacement measured by cursor profiles for the 
MSM amplitude images is shown in Figure 7.10 for the Fe3O4 deposits of the previous example.  
Cursor analysis of 100 iron oxide nanostructures from MSM amplitude images were plotted as a 
function of the lateral size of the deposits.  The amplitude of the tip oscillation becomes greater 
for larger iron oxide nanostructures, within the size range displayed.  As the size and volume of 
ferromagnetic materials is increased, mass magnetization increases.256, 294 The chart of Figure 
7.10 reveals that within the size range of 38-77 nm, a greater vibrational amplitude is observed 
for larger iron oxide deposits for electrolessly deposited Fe3O4, which follows the predicted 
linear trend of size scaling for mass magnetization effects.  The trend line for the experimental 
measurements generated an R2 value of 0.912.  Nanomaterials of Fe2O3 and Fe3O4 are known to 
exhibit superparamagnetic properties under applied magnetic fields.10, 295-297  For this size regime, 
the linear trend of Figure 7.10 follows the predictions of the scaling laws known for bulk 
ferromagnetic materials.  The amount of vibration scales proportionately with the size of 
magnetic domains. 
 




In nearly all of the established modes of SPM imaging, the nature of the tip is used as a 
mechanism for detection of forces.  For example, a biased tip is used for scanning polarization 
force microscopy;298-300 a magnetized tip is used for magnetic force microscopy;274, 301-303 a 
chemically functionalized tip is used for chemical force microscopy;13, 304 a metal tip is used for 
current imaging;14, 305-307 an actuated tip is used for tapping mode and phase imaging228, 230, 308-310 
and so on.  Unlike previous SPM imaging modes which use specifically designed tips to 
interrogate samples, for MSM imaging the changes in sample dynamics form the basis for 
measurements of magnetic properties.  The sample is driven to vibrate in response to an 
externally applied electromagnetic field and the tip is used as a force and motion sensor for 
mapping the vibrational response.  For MSM, the samples are induced to vibrate in concert with 
the flux of an externally applied electromagnetic field. A soft, non-magnetic AFM tip is operated 
in contact mode to detect the force and motion of magnetic nanomaterials which vibrate 
according to the rhythm of the externally applied oscillating magnetic field.  Lock-in-detection is 
used for sensitively tracking changes in the amplitude, phase and frequencies of motion 
compared to the driving AC electromagnetic field.  The MSM technique provides exceptional 
sensitivity and is selective for distinguishing samples which have a magnetic moment in the 
presence of an applied AC electromagnetic field. 
The proof-of-concept results with test platforms of iron oxide nanostructures demonstrate 
successful characterizations using the MSM imaging mode.  For mapping the vibrational 
response of magnetic nanomaterials, patterned surfaces of organosilane SAMs were used to 
prepare test platforms, to ensure that magnetic nanomaterials can move and vibrate in response 
to an externally applied magnetic field.  The silane SAMs serve as linker groups for anchoring 
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metal deposits to the surface.  The organosilanes enable a spring-like response for the motion of 
metal deposits.  With the designed silicon-silane-metal nanostructures, the iron oxide deposits 
can be induced to vibrate in response to the flux of the applied field.  If the magnetic materials 
were embedded within the surface, then vibration could not be detected with the MSM imaging 
mode.  However, the MSM mode is well suited for characterizations of the magnetic response of 
individual composite nanostructures containing magnetic elements, or systems of magnetic 
nanoparticles.  Future reports will disclose MSM results which have been acquired for other 
systems of smaller magnetic nanoparticles and ferroproteins, such as ferritin. 
Understanding magnetic size scaling is not only important for understanding the behavior of 
existing nanomaterials but is also valuable for efforts to develop new materials with engineered 
properties.  The size-scaling effects of nanomagnetism often produce anomalies at reduced 
dimensions, which have been attributed to sample inhomogeneity, defects, or surface effects. The 
MSM imaging mode should provide insight on irregularities in nanoscale magnetic properties at 
the level of individual nanoparticles.  The capabilities of the MSM imaging mode pushes beyond 
the 200 nm size detection threshold of MFM for characterization of magnetic particles as small 
as tens of nanometers.  The information obtained from the MSM includes maps of the location of 
individual magnetic domains, which respond to the flux of an AC generated electromagnetic 
field as well as spectra of the characteristic resonance frequencies of the vibrating nanomaterials.  
Future directions will be to use the force measurement capabilities of an AFM probe to directly 
measure the magnetic response of the nanoparticles.  By applying successively higher forces to 
the AFM probe, the vibration of the nanostructure can be halted.  This will be compared as a 




A different AFM imaging strategy is applied for magnetic sample modulation (MSM), 
which requires nonmagnetic tips to detect the vibration of magnetic nanomaterials.  A soft, non-
magnetic cantilever is used to detect motion and vibrational response rather than directly 
measuring magnetic forces.  The information acquired from MSM images include the 
distribution of individual magnetic domains, which respond to the flux of an AC generated 
magnetic field, as well as spectra of the characteristic resonance frequencies of the vibrating 
nanomaterials.  Analysis of the amplitude response of the AFM probe demonstrates that the 
magnitude of the vibration increases linearly with increasing size for iron oxide nanostructures, 
for the size range from 38 to 77 nm.  The new approach for MSM imaging may become an 
important technique among the growing arsenal of AFM characterizations applied for 










CHAPTER 8. INDIRECT MODULATION OF NON-MAGNETIC PROBES FOR FORCE 
MODULATION ATOMIC FORCE MICROSCOPY 
8.1 Introduction 
Mechanical properties such as the elastic compliance and viscoelastic behavior of thin films 
and surface structures have been investigated by force modulation atomic force microscopy (FM-
AFM) using a variety of different instrument configurations.227, 311, 312 Using FM-AFM, images 
which map changes in the phase and amplitude of the tip oscillation can sensitively distinguish 
differences in the local elastic properties of surfaces.228, 291, 311, 313-318 Dynamic AFM imaging 
modes such as FM-AFM are also beneficial for imaging soft materials, (e.g. biological surfaces) 
with greatly reduced forces to prevent damage to samples.11, 319-321  
For a typical instrument configuration for FM-AFM, either the tip or sample is driven to vibrate 
by applying a sinusoidal voltage with controlled frequency and amplitude to a piezoceramic 
actuator.131, 292, 293, 322 The periodic oscillation leads to a modulation of the force between the tip 
and sample, and the viscoelastic properties of the surface influence the tip deflection and motion.  
For locating resonance frequencies of the tip-sample contact, the amplitude and the phase 
changes are observed to be highly frequency-dependent.227 The in-phase amplitude of the 
harmonic response is a function of elasticity, whereas the viscosity changes induce a phase 
shift.11 For FM-AFM, a periodic modulation is applied to the cantilever in the z-direction, while 
the tip is scanned in direct contact with the sample.   Such experiments are typically conducted at 
selected resonant frequencies and oscillation amplitudes.  Positional feedback for dynamic 
scanning force microscopy (SFM) can be accomplished with the configuration typically used for 
topographic imaging with contact mode.  The amplitude of the bending of the cantilever caused  
Reproduced with permission from the American Chemical Society. 
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by interactions of the tip and sample are recorded by a photodetector.  The modulation amplitude 
of the deflection is larger when the tip interacts with hard surface regions than when it interacts 
with softer regions of the surface. Contact with softer materials will cause the cantilever to 
oscillate at reduced amplitude and a different phase.11, 291, 311, 314 During imaging, the amplitude 
and phase response of the cantilever are detected by a lock-in amplifier and recorded as a 
function of the tip position for surface mapping.  Differences between the measured amplitude 
and phase versus the periodic function of the driving AC signal are used to generate digital 
images of changes in surface elastic properties. 
Different strategies have been developed to drive the oscillation of tips for FM-AFM, with 
inherent advantages and disadvantages.  For scanners with the tip mounted directly on the 
piezotube, an AC waveform can be applied directly to the piezo segments which drive the z 
position of the sample.322 Alternatively, the tip can be mounted on a small piezoceramic chip to 
directly drive the tip vibration.323 An external AC electromagnetic field can be used to drive the 
motion of an AFM tip for which a thin film of magnetic material is applied to the top side of the 
probe.270-273, 324, 325 A general disadvantage when using magnetically coated cantilevers is that the 
magnetic strength of metal coating decreases with time, and the cantilevers need to be re-
magnetized before use. Also, the magnetic coating often peels off over time, limiting the shelf-
life of the coated AFM probes.  
In this chapter, an alternate instrument configuration for force modulation AFM will be 
described, which will be referred to as indirect magnetic modulation (IMM).  The operating 
principle is based on using an external AC electromagnetic field to oscillate the tip holder 
assembly or nosecone of the scanner, which indirectly drives the vibration of non-magnetic 
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cantilevers.  Our goals are to evaluate and test the capabilities of the IMM instrument 
configuration, using designed test platforms of nanostructures prepared by particle lithography 
combined with vapor deposition of organosilane SAMs.36 Silane self-assembled monolayers 
(SAMs) on solid substrates provide a model system for investigations of surface mechanical 
properties.  Proof-of-concept results will be presented with FM-AFM, to assess the 
reproducibility and applicability of the IMM instrument set-up for characterizing designed test 
platforms of nanostructures of organosilane SAMs. 
8.2 Materials and Methods 
8.2.1 Materials and Reagents 
2-Methoxy(polyethyleneoxy)propyl trichlorosilane (PEG-silane) and 
octadecyltrichlorosilane (OTS) were purchased from Gelest (Morrisville, PA) and used without 
further purification.  Ethanol (ACS grade) was acquired from Pharmco (Aaper, TX).  Certified 
particle size standards of polystyrene latex were obtained from Duke Scientific (Palo Alto, CA).  
Double-side polished silicon(111) wafers doped with boron were used as substrates (Virginia 
Semiconductor Inc., Fredericksburg, VA).  Silicon substrates were cleaned with sulfuric acid 
(96%, EMD Chemical Inc., Gibbstown, NJ) and hydrogen peroxide (30%, Sigma-Aldrich).  
Ethanol, toluene (reagent grade, EMD Chemical Inc., Gibbstown, NJ) and deionized water (18 
MΩ·cm, Milli-Q, Millipore, Bedford, MA) was used for rinsing samples. 
8.2.2 Substrate Preparation 
Pieces of silicon wafers (1×1 cm2) were cleaned by immersion for 1 h in a mixture of 
sulfuric acid and hydrogen peroxide at a 3:1 v/v ratio (Piranha solution).  Piranha solution is 
highly corrosive and should be handled with care.  Silicon substrates were then rinsed with 
deionized water and dried in air. 
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8.2.3 Preparation of Test Platforms 
Particle lithography with latex mesoparticles can be accomplished with vapor deposition of 
organosilanes to generate well-ordered hexagonal arrays of nanopatterns on silicon(111).  The 
well-defined arrays of nanostructures produced by particle lithography provide precise 
reproducible dimensions for multiple successive measurements.  The detailed steps for 
fabricating test platforms of organosilanes using particle lithography were previously reported.36  
First, solutions of latex particles were washed twice with deionized water by centrifugation, to 
remove contaminants such as charge stabilizers or surfactants.  A solid pellet formed after 
centrifuging latex suspensions for 15 min at 14000 rpm.  The supernatant containing 
contaminants was decanted, and the pellets were then resuspended in deionized water.  Aqueous 
solutions containing monodisperse latex spheres (300 nm) were deposited on clean silicon 
substrates and then dried in air.  During the drying step, capillary forces from the evaporation of 
water draw the latex spheres together to form organized crystalline layers on silicon surfaces.  To 
produce nanopatterns, the substrates with latex films were used as evaporative masks placed 
within a sealed vessel containing 300 μL of organosilanes.  The vessel was placed in an oven at 
70 °C (ambient pressure) and heated to generate a vapor.  Silane patterns were produced after 8 h 
exposure to organosilane vapor.  The mask of latex particles was removed completely by 
successively rinsing the surface in ethanol and deionized water for 15 min with sonication.  An 
example topograph acquired in air suing contact-mode AFM is presented (Figure 8.1A) for a 
view of 20 nanopatterns of PEG-silane within a 1.5 × 1.5 µm2 area, which would scale to an 
estimated density of 108 nanostructures per square centimeter.  The geometries of the rings are 
uniform and regular, achieving nanometer precision.  The height of PEG-silane nanopatterns 
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measures 6.8 ± 0.4 nm with the average periodicity of 311 ± 8 nm (Figure 7.1B) which matches 
closely with the diameter of the latex mask (300 ± 6 nm). 
 
Figure 8.1 Rings of PEG-terminated silane produced with 300 nm latex masks: (A) three-
dimensional AFM topograph acquired in air using contact-mode AFM; (B) corresponding cursor 
profile for the line in panel A. 
8.2.4 Scanning Force Microscopy 
An Agilent 5500 SFM equipped with Picoscan v5.3.3 software (Agilent Technologies, 
Tempe, AZ) was used for these investigations. Digital images were processed using Gwyddion 
(version 2.9) open source software, which is freely available on the Internet and supported by the 
Czech Metrology Institute.138 A magnetic AC mode (MAC-mode) sample plate was used to 
generate an external AC electromagnetic field for IMM.  An Agilent 5500 AFM multipurpose 
scanner with a scanning area of 11 x 11 µm2 was used for imaging, with interchangeable 
nosecones. The scanner has a scanning tip configuration, which incorporates interchangeable 
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nose-cones for various imaging modes.  For example, with current imaging a preamp is 
integrated within the nose cone for sensing current, the AC tapping-mode nose cone design has a 
piezoceramic chip to actuate an AFM tip; the “top-MAC” mode has a solenoid built into the nose 
cone. The PI’s group has found that the nose-cone assemblies contain ferromagnetic metal 
components.  Thus, when a magnetic field is applied by the solenoid within the sample stage, the 
entire tip holder assembly (nosecone) for the AFM tip is driven to vibrate.  This indirect mode of 
tip vibration provides a means to accomplish dynamic modes of AFM imaging, and has 
particular advantages for acquiring FM-AFM images.  The scanner was operated with open-loop 
feedback control for continuous imaging in contact mode. Silicon cantilevers with force 
constants of 0.2 N m–1 and a resonance frequency of 12 kHz were used for contact mode and 
IMM imaging in Figures 8.3 and 3-5. (SICON, NanoScience Instruments, Phoenix, AZ).  Silicon 
nitride cantilevers with force constants of 0.1 N m–1 and resonance frequency of 26 kHz were 
used to test the reproducibility of IMM imaging in Figure 8.6. (MSCT-AUHW, Veeco Probes, 
Santa Barbara, CA). 
8.2.5 Indirect Magnetic Modulation (IMM) 
A MAC-mode sample plate was used for IMM imaging, which contains a wire coil solenoid 
underneath the sample plate (Figure 8.2).  When an AC current is applied to the solenoid, an 
oscillating magnetic field is generated in the vicinity of the sample and tip-holder assembly.  A 
non-magnetic tip is required for IMM imaging; the vibration of the nosecone assembly drives the 
motion of the AFM tip.  The typical imaging procedure first involves acquiring conventional 
contact-mode images with the magnetic field turned off.  Next, the same area of the surface is 
scanned again, with an applied AC electromagnetic field ranging from 0.05-0.4 T.  A frequency 
sweep can be acquired to obtain dynamic information about tip-sample resonances.  Because of 
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the nanoscale variability of tip geometries, a survey of the tip resonances must be accomplished 
for each experiment to locate frequencies for imaging.  Three channels of data are acquired 
simultaneously, producing a topographic image and the corresponding amplitude and phase 
images.  Channels of a lock-in amplifier are used to monitor changes in the phase and amplitude 
of the tip vibration, since slight changes in the periodic motion of the tip can be sensitively 
tracked and mapped with tip position. 
 
Figure 8.2 Operating principle for dynamic AFM with indirect magnetic modulation of the 
probe. 
8.3 Results and Discussion 
To evaluate the suitability of the IMM instrument configuration for FM-AFM, well-defined 
arrays of PEG-silane nanostructures were characterized, which furnish precise reproducible 
dimensions during multiple successive scans.  Nanopatterns of PEG-silane are relatively soft in 
comparison to uncovered areas of the silicon(111) substrates, providing a practical soft organic 
material for mapping out differences in elastic compliance.  Additionally, the masks of latex 
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mesoparticles used to prepare the nanopatterned test platforms can be scaled to very small 
dimensions to enable studies of elastic properties at a scale of tens of nanometers. 
8.3.1 Frequency Spectra Using Indirect Magnetic Modulation (IMM) 
The conventional approach for vibration with FM-AFM relies on actuation of either the 
tip or sample by applying an AC voltage to a piezoceramic element.311, 326 For the examples to be 
presented with IMM, the instrument configuration used an AC electromagnetic field to indirectly 
drive the vibration of the tip holder assembly containing non-magnetic cantilevers.  For IMM, 
parameters such as the frequencies for driving the cantilever motion were determined 
experimentally by comparing spectra of the vibrational resonances.  Spectra were acquired when 
the tip was disengaged and also when placed in contact with the surface (Figure 8.3).  When the 
tip is lifted away from the surface, the most prominent peak typically corresponds to the natural 
resonance of the free cantilever.  However, for the example in Figure 8.3, the resonance 
frequency of the cantilever (12 kHz) is not apparent.  As the tip is brought into contact with the 
surface, the amplitude of the resonance peaks are dampened and shifted to the left.  When the tip 
is engaged, five prominent peaks are detected for tip-surface resonance frequencies, at 55, 104, 
158, 214 and 322 kHz (red curve in Figure 8.3).  Note that one of the resonances (214 kHz) does 
not have a corresponding peak when the tip was disengaged from the surface, and thus originates 
from tip-sample contact.  Comparing the heights of the peaks, the order of the magnitude from 
low to high response correspond to 104, 214, 322, 55 and 158 kHz, respectively. 
Unlike direct modulation modes, the resonance of the tip was not apparent for the cantilever, 
instead there were five peaks observed when the tip and sample are brought into contact.  
Additional peaks can arise from overtones, resonances of the mechanical system, as well as 
influences of the tip-sample contact.  Since the entire tip-holder assembly is driven to vibrate, the 
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frequency spectra indicate the natural resonances of the larger assembly as well as background 
vibration of the sample stage.  When selecting frequencies for data acquisition, typically one or 
more of the tip-sample contact resonances are chosen to drive the tip oscillation. 
 
Figure 8.3 Response of an AFM probe to indirect magnetic modulation. 
8.3.2 Images Acquired with IMM at Different Driving Frequencies 
Using IMM, images of PEG-silane nanopatterns (3.5 × 3.5 μm2 frames) were acquired at 
the frequencies of the five peaks detected when the tip was engaged with the surface (Figure 8.4).  
The selected sample and area were imaged successively with the same tip and force setpoint 
(0.84 nN), with an average magnetic field strength of 0.16 T.   The images for all of the various 
frequencies (Figures 8.4A-8.4E) display nanostructured rings of PEG-silane nanopatterns on 
silicon(111) which can be distinguished in topography, amplitude and phase frames.  There are 
several missing patterns within the field of view, which adventitiously provide a landmark for in 
situ imaging.  The same uncovered areas are present in each series of images, providing a frame 
of reference.  For the topography images, the bright contrast corresponds to the taller structures 
and the dark areas distinguish the bare substrate.  The color scales for height changes in the 
topography channels remain unchanged despite changes in the driving frequency with IMM.  
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However, significant changes in the magnitude of the color scales are apparent for the amplitude 
and phase channels, according to the magnitude of the response at the selected frequencies.   
What ultimately determines whether features of the surface are light or dark for phase and 
amplitude images results from several factors, including the choice of the driving frequency and 
amplitude230, 313, 327, 328 and whether the tip is operated in the attractive or repulsive regime.230, 329, 
330 The amplitude images display changes for the vibrational amplitude as the motion of the tip is 
enhanced or diminished when it interacts with the sample, and thus correlates with differences in 
the hardness/softness of materials.  The phase images are more complex to interpret, displaying 
changes in phase lag compared to the driving signal.  Phase images are often extremely sensitive 
for mapping surface features that are indistinguishable in the topography channels, but do not 
necessarily originate from differences in elastic response.  The circular areas inside the PEG-
silane rings are uncovered areas of substrate, approximately 100 nm in diameter.  For all of the 
phase and amplitude images displayed in Figure 4, the color of the central areas within the rings 
matches the substrate, evidencing nanoscale sensitivity for IMM imaging.  
For the images in phase or amplitude columns of Figure 8.4, the contrast for the ring 
elements of arrays is observed to change according to the selected frequency parameters.  The 
smallest peak from the spectra of Figure 8.3 (104 kHz) provided the weakest amplitude (94 mV) 
and phase response (0.014 V), for the images of Figure 8.4B.  The remaining peaks provided 
excellent sensitivity, and do not scale predictively with the magnitude of the response from the 
spectra of Figure 8.3.  The phase and amplitude images with the greatest sensitivity (according to 
the magnitude of the color scales) were observed at 322 kHz, which exhibited an intermediate 
peak height in the frequency spectra.  An interesting effect is apparent when comparing the 
amplitude and phase images at different frequencies.  All of the amplitude images indicate a dark 
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color for the rings, and a bright color for the substrate except the data acquired at 214 kHz.   
Similar flips in contrast are apparent at 104 kHz and 158 kHz when comparing the phase 
channels. 
 
Figure 8.4 Images of PEG-silane nanopatterns acquired with IMM at frequencies of (A) 55, (B) 
104, (C) 158, (D) 214, and (E) 322 kHz. 
 115
The contrast changes for the series of images in Figure 8.4 result from combined effects of 
tip-surface interactions as well as the applied amplitude and frequency parameters.  The IMM 
images in Figure 8.4 reveal contrast reversals at certain resonances as the tip is operated at the 
interface of the repulsive and attractive regimes of contact.  The silicon substrate is viewed to be 
harder (dark color) than the PEG-silane nanostructures for both the phase and amplitude 
channels only at 214 kHz.  All of the remaining frequencies indicate color differences which do 
not correlate with the hardness/softness of the sample.  Recall that the 214 kHz peak originated 
when the tip was brought into contact with the sample, and was not present when the tip was 
disengaged. 
The strong dependence of the elasticity images on the driving frequency observed in Figure 
8.4 highlights the complexity of the dynamics of the tip-surface contact. All of the resonance 
peaks of the free cantilever provided mixed results for evaluating whether the substrate or 
nanostructures were softer.  For example, at 55 kHz, the amplitude channels display dark rings 
against a bright surface, whereas the corresponding phase image evidences light rings on a dark 
surface.  With this set of experiments, to distinguish the softness of the sample the optimal 
contrast was achieved at a resonance frequency which was independent of the tip oscillation 
when it was disengaged. Contrast reversals have been observed and described previously for 
nanostructured monolayers of octadecyltriethoxysilane prepared on mica(0001).131 Jourdan et al. 
suggest that the thin film of water that is present under ambient conditions forms a capillary neck 
at the contract, which influences the tip motion.131 Liquid media damp the oscillating motion of 
the cantilever.229, 313, 331-334  
A protocol for ramping the driving frequency was developed to view the successive changes 
within a single image (Figure 8.5).  Seven frequencies were selected for this example, including 
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five resonances from tip-surface contact (55, 104, 158, 214 and 322 kHz) and two randomly 
selected resonances from background noise (65 and 137 kHz).  After rastering across an area of 
0.5 μm, the driving frequency was changed without halting/interrupting data acquisition.  This 
protocol enabled a side-by-side comparison of the changes in elastic response within a single 
frame, evaluated simultaneously against a common response scale. 
 
Figure 8.5 Dynamic IMM images of PEG-silane nanopatterns acquired with different 
frequencies in a single scan: (A) topography image, (B) amplitude image, (C) phase image, and 
(D) frequency plot. 
Prominent changes are not observed within the topographic frame of Figure 8.5A, as the 
frequency is successively ramped during the scan; however there are subtle changes for 
nanoscale resolution.  The pore structures within the rings provide a reference structure for 
comparing resolution, and the holes are more clearly distinguishable at 214 kHz and 322 kHz.  
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Enhancement of topographic contrast at certain frequencies has previously been reported as a 
mechanism for imaging soft and sticky surfaces. On the other hand, for the simultaneously 
acquired phase and amplitude frames (Figures 8.5B and 8.5C) changes in contrast are clearly 
apparent as the frequency is ramped.  Sharp changes in contrast are apparent immediately when 
the driving frequency is changed, providing clear linear boundaries in the phase and amplitude 
frames.  The changes for driving frequencies images do not evidence stretching, elongation, or 
distortion of the ring geometries when imaging in air.  This suggests that very little time (< 1 
second) is needed for the tip motion to equilibrate with changes in the rhythm of IMM driven 
oscillation.  The color scale variations for the frequency sweep experiment mostly match the 
trends of Figure 8.4, except at the highest frequencies.  When scanning at the four resonances 
from tip-surface contact (number 1, 3, 5 and 7 in Figure 8.5), the contrast in amplitude and phase 
images are the same as those presented in Figure 8.4.  For the area scanned using background 
frequencies without resonance peaks (65 kHz and 135 kHz), the corresponding signal levels of 
the amplitude and phase channels are much weaker than those observed at peak resonances. At 
higher frequencies, the resonance peaks are narrower, thus the reproducibility of tuning in the 
resonance motion is less precise.  A small change in the forward or reverse position of the 
resonance peak can change the tip-sample contact situation to a repulsive or attractive regime 
within a narrowly defined range of frequencies.230 
Imaging with FM-AFM is highly frequency dependent, a slight change in the selection of 
the resonance peak has been demonstrated to greatly influence the contrast of phase and 
amplitude images.230, 327, 328 The effect of making small changes in the peak position near the 
resonance frequency was investigated for the IMM experiment presented in Figure 8.6.  Three 
closely spaced frequencies were selected at locations before the resonance frequency at 85 kHz 
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(Figure 8.6A), at the resonance frequency of 94 kHz (Figure 8.6B) and post-resonance at 103 
kHz (Figure 8.6C).  A side-by-side comparison is displayed in Figure 8.6D, by changing the 
selected frequencies during data capture of a single frame.  The contrast in amplitude images is 
shown to depend on the intensity of chosen drive frequencies.  The image acquired for the on-
resonance frequency exhibited a stronger amplitude signal of 2.1 V in Figure 8.6B, whereas the 
smaller intensity peaks at 85 and 103 kHz resulted in weaker amplitude responses of 1.1 V and 
1.2 V, respectively for Figures 8.6A and 8.6C.  This effect is reproduced in the frequency sweep 
experiment of Figure 8.6D.  A reversal in the contrast of the amplitude and phase channels is 
detected when the driving frequency is precisely on resonance compared to near resonance peaks.  
When the driving frequency is off-resonance, the magnitude of the response and contrast 
differences are diminished.  A spectral profile of the selected resonance peaks are displayed in 
Figure 8.6E.  When the tip makes contact with the surface, the tallest resonance peak is relatively 
broader and shifted left as compared to the profile when the tip was disengaged (Figure 8.6E). 
When choosing to drive the tip at different positions near the resonance peak, the tip-sample 
contact situation changes to either a repulsive or attractive regime for tip-surface interactions, 
which produces corresponding changes in the contrast for amplitude and phase images.230   
Using well-defined test structures provides a way to assess and select the optimal resonance for 
FM-AFM.  For example, in Figure 8.6, the silane nanostructures should be softer than the silicon 
substrate, which would produce a corresponding bright contrast for the rings.  This is clearly 
observed for both the phase and amplitude channels with the images acquired precisely on-
resonance in Figure 8.6B.  At non-resonance frequencies or nearby resonances, the contrast for 




Figure 8.6 Frequency-dependent changes for amplitude and phase images at peak positions at or 
near resonance: (A) pre-resonance, 85 kHz, (B) on-resonance, 94 kHz, and (C) post-resonance, 
103 kHz. (D) Successive changes captured within a single frame for the three frequencies. (E) 
Comparison of frequency spectra when the tip is engaged or disengaged from the surface. 
Phase and amplitude images can be used to sensitively map differences in the elastic 
response of nanopatterned samples, however the selection of optimal parameters such as the 
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driving frequency and modulation amplitude remain a complicated issue.  Indirect modulation is 
well-suited for characterizations with soft cantilevers (0.1 - 0.2 N m–1) at low forces (<1 nN), to 
provide non-destructive imaging conditions.  The instrument configuration for IMM provides a 
means to clarify whether the peak resonances originate from motion of the vibrating tip holder or 
from vibrations originating at the tip-sample contact. Choices for imaging modes, spring 
constants of the cantilevers, imaging media as well as the nature of the sample surface will 
influence the experimental decisions for selecting the most suitable driving frequency and 
amplitudes for dynamic SFM. 
8.4 Conclusions 
An IMM instrument configuration was successfully demonstrated for FM-AFM under 
ambient conditions, based on indirect modulation of a non-magnetic tip.  The instrument set-up 
employs a soft, cantilever which does not respond directly to an externally applied magnetic field; 
instead the tip motion is driven indirectly by the vibration of the sample holder assembly in 
response to the flux of an externally applied AC electromagnetic field.  Using IMM, frequency-
dependent changes for the contrast of phase and amplitude images were demonstrated for 
nanopatterned test platforms of organosilane rings for driving frequencies up to 350 kHz.  For 
phase images, a small change in the peak position (forward or reverse) of the selected resonance 
peak can invert the image contrast expected for phase and amplitude images.  When the selected 
driving frequency is precisely on resonance, the amplitude and phase images correlate well with 
predicted differences in softness for designed test structures of organosilanes.  Future 
investigations will evaluate the capabilities of IMM for imaging in liquid media, as well for a 
broader range of driving frequencies and amplitudes. 
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CHAPTER 9. CONCLUSIONS AND FUTURE PROSPECTS 
New methods for nanofabrication based on particle lithography were developed and 
applied to generate nanostructures on surfaces. Monodisperse spheres self-assemble on flat 
surfaces into periodic structures with designed dimensions and interparticle spacing, which can 
then be used as structural templates or masks to guide the deposition of nanomaterials. Geometry, 
dimension and size of nanostructures are tunable by changing the size of particles. Particle 
lithography provides the advantages of high throughput, and reproducibility. Well-defined 
surfaces with desired functionalities and geometries can be fabricated using particle lithography 
and successive chemical reactions. The position and spatial distribution of nanomaterials can be 
regulated at the nanoscale with mesoparticle masks/templates prepared by particle lithography.  
The spatial selectivity provided by particle lithography will be used for further chemical 
reactions to adsorb different materials such as proteins, metals and nanoparticles.  Well-defined 
nanostructures will provide precise reproducible dimensions for investigations of surface 
properties and furnish test platforms that are suitable for successive characterizations with SPM 
to obtain insight into size-dependent properties. The results presented in this dissertation 
demonstrate the combination of nanofabrication and AFM to investigate structure/property 
relationships and measure size-dependent nanoscale properties. Particle lithography possesses 
the capability of designing well-defined surfaces with exquisitely uniform nanostructures and 
tailorable surface chemistry. Designed nanostructures with desirable functionalities facilitate 
development and evaluation for new AFM imaging modes. Magnetic sample modulation enables 
to identify the location of iron oxide nanostructures. The elastic compliance of organosilane 
nanopatterns can be investigated using indirect magnetic modulation. 
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9.1 Arrays of Protein Nanopatterns Produced Using Particle Lithography 
Particle lithography was applied for high-throughput patterning to generate millions of 
protein nanostructures on surfaces. The model proteins bovine serum albumin and 
staphylococcal protein A were patterned on the surface of mica indicating the generality and 
reproducibility of the particle lithography.31, 32 Conventional bench chemistry steps of mixing, 
centrifuging, drying and rinsing facilitate particle lithography to provide exquisite control for the 
surface coverage and periodicity of protein nanopatterns. The periodicity and diameter of the 
protein nanostructures are tunable by selecting the sizes of spheres. The morphologies of 
nanopatterns can be precisely regulated with the protein-to-particle ratios, providing exquisite 
uniformity of the array elements. Particle lithography with a low ratio of proteins to mesospheres 
produced ring-shaped patterns with a single layer of proteins. At higher protein-to-particle ratio, 
a monolayer of proteins with uncovered pore structures was produced. Particle lithography is a 
highly reproducible and robust method for patterning proteins, and serves as an excellent starting 
point for continuing to develop more complex bioassays. Arrays of protein nanostructures can 
enhance binding efficacy to target molecules and improve sensitivity of detection for further 
advancing biosensor technology. 
9.2 Particle Lithography Combined with Vapor Deposition of Organosilanes 
Method of particle lithography combined with vapor deposition was developed to pattern 
organosilanes on various surfaces such as, mica, silicon and gold.36, 37 For organosilanes to bind 
to substrates, nanoscopic amounts of water are needed to initiate surface hydrolysis. Latex masks 
used for particle lithography enable to control and direct the placement of nanoscopic residues of 
water for hydrosilation. Drying intervals determine the nanoscopic amounts of water present on 
surfaces. Differences in nanopattern morphologies of organosilanes depend on various drying 
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conditions. For latex masks that have been dried briefly, water is distributed homogeneously 
throughout areas of the surface to enable molecular self-assembly of a silane thin film covering 
interstitial areas between mesoparticles, resulting in the formation of pore-shaped morphology. 
When colloidal masks are dried under ambient conditions for longer intervals, tiny residues of 
water persist to form a circular meniscus in areas surrounding the base of latex spheres. As silane 
vapors are introduced, molecules bind to any areas of the surface with a circular meniscus 
between latex spheres. The circular shapes of the nanostructures correspond to the areas with 
water residues near the base of the latex mesoparticles. 
9.3 Metal Nanostructures Fabricated by Selective Deposition on Nanopatterned Surfaces 
Surfaces with well-defined nanopatterns provide a platform for further successive steps 
of chemical reactions. Nanopatterned surfaces with different functionalized organosilanes can 
provide exquisite surface selectivity to precisely define areas for the deposition of metals. Arrays 
of iron oxide nanostructures were fabricated using electroless deposition onto nanopatterned 
surfaces produced with particle lithography and organosilanes.39 The head groups of 
organosilanes enable exquisite selectivity for deposition of iron oxide. The geometry of 
nanopattern provides spatial confinement to localize iron oxide on the surfaces. Arrays of iron 
oxide nanostructures conform precisely to the selected areas of patterned organosilanes with 
reproducible and near-perfect nanoscale geometries. The periodicity of the iron oxide 
nanostructures is determined by the diameter of mesospheres used for particle lithography. Metal 
contacts formed on organosilane nanopatterns produced by particle lithography combined with 
vapor deposition may be suitable for SPM investigations of molecular conductance and 
nanomagnetism, towards development of nanoscale electrical heterojunctions and molecular 
electronics. 
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9.4 Detection of Magnetic Response Using Magnetic Sample Modulation AFM 
New imaging strategies using atomic force microscopy were developed for mapping 
magnetic domains and elastic compliance at size regimes at nanoscale. Arrays of nanostructures 
possess tailorable size and spacing, which can be used as test platforms for new AFM imaging 
modes. A different AFM imaging strategy is applied for magnetic sample modulation, which 
requires nonmagnetic tips to detect the vibration of magnetic nanomaterials.40 When an 
electromagnetic field is applied to arrays of iron oxide nanostructures, only iron oxide can be 
driven to vibrate, providing selective contrast for areas that are in motion. The AFM tip serves as 
a force and motion sensor for mapping the vibrational response of iron oxide nanostructures. 
Changes in the phase and amplitude images with and without an applied magnetic field are used 
to recognize iron oxide domains. The information acquired from MSM images includes the 
distribution of individual magnetic domains as well as spectra of the characteristic resonance 
frequencies of the vibrating nanomaterials. Analysis of the amplitude response of the AFM probe 
demonstrates that the magnitude of the vibration increases linearly with increasing size for iron 
oxide nanostructures. Future work for MSM will evaluate the size-dependent effects, studied in a 
range from superparamagnetism to regular bulk ferromagnetism. 
9.5 Characterization of Elastic Compliance Using Indirect Magnetic Modulation 
An AFM imaging mode based on the instrument configuration of indirect magnetic 
modulation was successfully demonstrated to investigate elastic response of organosilane 
nanostructures.45 The instrument set-up employs a soft, non-magnetic cantilever which does not 
respond directly to an externally applied magnetic field. In IMM, a tip is driven to vibrate by the 
motion of a tip holder assembly which contains ferromagnetic materials. The entire tip assembly 
is induced to vibrate with the flux of an external ac electromagnetic field, supplied by a wire coil 
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solenoid placed underneath the sample plate. With the use of IMM, dynamic parameters of the 
driving frequencies and amplitude of the tip motion can be optimized to sensitively map the 
elastic response of samples. Frequency-dependent changes for the contrast of phase and 
amplitude images were relative to the driving resonance frequencies selected for nanopatterned 
test platforms of organosilane. A small change in the peak position of the selected resonance 
peak can invert the image contrast expected for phase and amplitude images. When the selected 
driving frequency is precisely on resonance, the amplitude and phase images correlate well with 
predicted differences in softness for designed test structures of organosilanes. 
9.6 Future Prospectus 
The results presented in this dissertation are foundation for further development of 
particle lithography to design well-defined surfaces with uniform nanostructures and tailorable 
surface chemistry. Engineered surfaces with well-defined functionalities produced using particle 
lithography with organosilanes can provide exquisite surface selectivity to precisely confine the 
adsorption of various nanomaterials. An example is presented in Figure 9.1 for selective 
adsorption of monolayer-protected clusters (MPCs) onto the nanopatterned surfaces with an 
organosilane. The steps include fabrication of organosilane nanopatterns on silicon substrates 
using vapor deposition through mesoparticles masks and deposition of silanol-terminated MPCs 
(Figure 9.1A). The methyl-terminated films of OTS provide a highly effective resist to prevent 
binding at boundary areas surrounding the circular areas of Si(111).  Due to the strong affinity 
between silanol and silicon, the MPCs can adsorb selectively and uniformly at the regions 
surrounded with OTS, as demonstrated in the AFM images of Figures 9.1B and 9.1C. Within the 
1 × 1 μm2 area of Figure 9.1D, nine clusters of MPCs are apparent the 3-D zoom-in view. 
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Figure 9.1 Selective adsorption of MPCs onto nanopatterns of organosilanes. (A) Fabrication 
procedure; (B) topography (4 × 4 μm2) of OTS nanostructures fabricated using particle 
lithography with 300 nm latex particles; (C) topography (4 × 4 μm2) of  MPCs arrays produced 
using selective adsorption; (D) 3-D zoom-in view of MPCs arrays. 
Instead of selective deposition of nanomaterials onto well-defined surface, the 
arrangement of nanomaterials can be directly guided with structural templates of monodisperse 
mesoparticles to generate 2D arrays of nanopatterns. The representative example in Figure 9.2 
presents an approach of two-particle lithography to produce arrays of patterns of cobalt 
nanoparticles. For two-particle lithography, the silica mesoparticles serve as a solid structural 
template during conditions of ambient drying. As the liquid dries, cobalt nanoparticles assemble 
surrounding the base of silica spheres (Figure 9.2A). The resulting patterns of cobalt nanoparticle 
aggregates exhibit ring-shaped morphology that conforms to the shape of structural templates. 
The geometry and arrangement of the rings are viewed with AFM and SEM images in Figure 
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9.2B and 9.2C. The geometries of cobalt nanopatterns are highly symmetric and uniform.  Two-
particle lithography provides a viable approach for generating arrays of patterns of nanoparticles 
using simple steps of bench chemistry (e.g. centrifugation, drying, evaporation, rinsing). 
 
Figure 9.2 Ring-shaped structures of cobalt nanoparticles produce using structural templates of 
500 nm silica particles. (A)  overview for two-particle lithography; (B) contact mode AFM 
topography (5 × 5 μm2); (C) SEM image (5 × 5 μm2). 
The emergence of nanoscience and nanotechnology depends on the ability to organize 
materials at the nanoscale so as to create designed functional assemblies that can display 
desirable properties with reproducibility. Nanomaterials exhibit quantized electrical and optical 
properties that can be advantageously exploited in the design of future nanodevices. Control of 
the relative position and orientation of the nanomaterials on the surfaces enables the 
development of well-defined molecular architectures. Research efforts have been invested in 
advancing nanofabrication capabilities which enable site-selective deposition of nanomaterials 
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onto designed surfaces. Patterned surfaces with controllable chemical functionality can be used 
to integrate various molecules into miniaturized devices with organized arrangements which will 
lead to develop molecular electronics and biological sensing systems. Ongoing research will 
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APPENDIX A: LABORATORY PROCEDURE FOR PARTICLE LITHOGRAPHY 
COMBINED WITH VAPOR DEPOSITION OF ORGANOSILANES 
1. Use ruby muscovite mica(0001) or double-sided polished silicon(111) wafers as substrates 
used for particle lithography with organosilanes. Cut pieces of mica needs to 1×1 cm2) and 
immediately cleave the mica to produce clean, atomically flat surfaces before used. Cut the 
silicon wafers into 1×1 cm2 pieces. Immerse the pieces in piranha solution for 1 h, for 
cleaning. Piranha solution is a mixture of sulfuric acid (96%) and hydrogen peroxide (30%,) 
at 3:1 ratio (v/v). After piranha cleaning, rinse the silicon substrates with deionized water. 
2. Wash the monodisperse polystyrene latex solutions with deionized water using centrifugation 
twice to remove contaminants such as charge stabilizers or surfactants. After centrifuging 
latex solutions for 10 min at 14000 rpm, a pellet is formed at the bottom of the 
microcentrifuge tube. The pellets can then be resuspended in desired volume of deionized 
water by vortex mixing. 
3. Deposit 20 μL of an aqueous solution containing washed monodisperse latex onto the 
substrate. Dry the samples in ambient conditions (25 °C, relative humidity ~60%), for at least 
2 h to produce for ring-shaped nanopatterns. For pore-shaped morphologies, dry the samples 
need for 25 min. 
4. Place the samples with dried latex films into a plastic vessel containing 300 µL of neat 
organosilanes.  To generate a vapor, seal the reaction vessel with parafilm and place in an 
oven at 70 C for 8 h. 
5. When using mica(0001) as the substrate, the mask of latex particles can be removed by 
rinsing with deionized water and ethanol. Sonication will damage the samples. If the 
substrate is Si(111), the mask of latex particles can be removed by sonication in ethanol for 
15 min followed by further rinsing with ethanol and deionized water.   
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APPENDIX B: PROCEDURE FOR MAGNETIC SAMPLE MODULATION 
The instrument set-up for MSM is a hybrid of contact mode AFM combined with 
selective actuation of magnetic samples. For MSM operation, connect cables as shown in Figure 
B.1. A cable connects the AUX of head electronic box to the PHASE input of MAC/AC 
controller. Connect a second cable from AMPLITUDE output of MAC/AC controller to the 
AUX IN of the PicoSPM II controller. The magnetic AC (MAC) sample plate is used to drive 
the oscillation magnetic materials. Use the plain nosecone with the Agilent 5500 AFM 
multipurpose scanner with a scanning area of 11 x 11 µm2 for MSM imaging. 
 
Figure B.1 Cable configuration for magnetic sample modulation AFM.  
1. Connect two cables between PicoSPM II controller, MAC/AC controller and head electronic 
box as shown in Figure B.1. 
2. Install the plain nosecone into the Agilent 5500 AFM multipurpose scanner. Use the MAC 
mode sample plate for mounting the sample. 
3. Use silicon nitride cantilevers (MSCT-AUHW, Veeco Probes) with force constants of 0.1 N 
m–1 and resonance frequency of 26 kHz for contact mode and MSM imaging. 
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4. Install the MAC mode sample stage and the scanner for contact mode operation. Adjust the 
position of laser and photodiode signal. 
5. Launch the PicoScan v5.3.3 software. Under main menu, select contact mode parameters for 
the Agilent 5500 AFM multipurpose scanner. 
6. Use the Layout Editor to create eight channels including include topography, defection, Axu 
IN and Axu IN 5 on the top/bottom row. Choose channels on the top row to represent raw 
data and those on the bottom row to display processed data. 
7. Open the AFM AC Mode Frequency Plot window and set up the frequency range. 
8. Run a frequency sweep without MSM while the tip is disengaged to confirm that there is no 
magnetic response by silicon nitride probe or nosecone. Also, get information of background 
level. 
9. Select MAC/Top MAC option in AC Mode controls window. Disable the Drive On. 
10. Enter 0 for the Force Setpoint and then start to approach. 
11. After the tip engages the surface, click on the Sweep button to acquire a frequency spectrum 
without the AC electromagnetic field. 
12. Select the Drive On and enter 5 for the Drive On % and 1X for Gain. Click on the Sweep 
button to acquire a frequency spectrum with the AC electromagnetic field. 
13. Adjust the Drive On % and frequency range until significant, detectable peaks are observed 
for the frequency sweep. 
14. Choose the resonance frequency for the magnetic driving signal by left clicking the 
resonance peak maximum. 
15. Check the Active check box in the AFM AC Mode Frequency Plot window. 
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16. Start to acquire MSM images and adjust the Integral (I) Gain, the Proportional (P) Gain 
and the Force Setpoint like regular contact mode AFM.  
17. During experiments, compare images and spectra with and without the field activated. Turn 
the field on and off by clicking the Drive On. 
18. To acquire MSM spectra, the AFM tip must be place in direct contact with a vibrating 
nanoparticle or nanostructure. Use contact mode images with successive, small zoom-in 
views to ensure that the tip is placed on a magnetic area. 
19. The spectra acquired with MSM will change according to the site of the magnetic domain. 
During MSM experiments, evaluate spectra and measurements within 10-20 kHz of the 
primary resonance frequency to optimize parameters. 
20. Evaluate MSM parameters of Drive On % to determine the change in sample response with 
field strength.   
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APPENDIX C: PROCEDURE FOR INDIRECT MAGNETIC MODULATION 
The instrument configuration for AFM imaging using IMM is displayed in Figure C.1. 
Before IMM operation, connect cables for the PicoSPM II controller, MAC/AC controller and 
head electronic box as shown in the cable diagram. A cable connects AUX of head electronic 
box to the PHASE input of MAC/AC Controller. Another cable connects the AMPLITUDE of 
MAC/AC controller to the AUX IN of PicoSPM II controller. The magnetic AC (MAC) sample 
plate is used to drive the oscillation of nosecone for IMM imaging. An Agilent 5500 AFM 
multipurpose scanner with a scan area of 11 x 11 µm2 is used for contact mode AFM imaging 
with an AAC nosecone.  
 
Figure C.1 Cable configuration for indirect magnetic modulation.  
1. Connect the cables between PicoSPM II controller, MAC/AC controller and head electronic 
box as shown in Figure C.1. 
2. Install the AAC or Top-MAC nosecone into the Agilent 5500 AFM multipurpose scanner. 
3. Place a sample onto MAC mode sample plate. 
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4. Silicon nitride cantilevers (MSCT-AUHW, Veeco Probes) with force constants of 0.1 N m–1 
and resonance frequency of 26 kHz should be for contact mode imaging using IMM. Silicon 
cantilevers (SICON, NanoScience Instruments) with force constants of 0.2 N m–1 and a 
resonance frequency of 12 kHz can also be used for IMM imaging. 
5. Install the MAC mode sample stage and the scanner. Adjust the laser position to optimize the 
photodiode signal. 
6. Launch PicoScan v5.3.3 software. From the main menu, select contact mode and parameters 
for the Agilent 5500 AFM multipurpose scanner. 
7. Use the Layout Editor to create eight channels including include topography, defection, Axu 
IN and Axu IN 5 on the top and bottom row. Use the channels on the top row to represent 
raw data and those on the bottom row for processed data. 
8. Open the AFM AC Mode Frequency Plot window and set up the frequency range. 
9. Select MAC/Top MAC option in AC Mode controls window. Disable the Drive On. 
10. Enter 0 for the Force Setpoint and then start to approach. 
11. After the tip engages the surface, click on the Sweep button to acquire a frequency spectrum 
without activating the AC electromagnetic field. 
12. Select the Drive On and enter 5 for the Drive On % and 1X for Gain. Reduce the Force 
Setpoint to the minimum to lift up the tip. 
13. Click on the Sweep button to acquire a resonance spectrum with the AC electromagnetic 
field when the tip is disengaged with the surface. 
14. Adjust the Drive On % and frequency range (0-600 kHz) until significant frequencies are 
observed. 
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15. Increase the Force Setpoint to bring the tip in contact with the surface. Click on the Sweep 
button to acquire a resonance spectrum with the AC electromagnetic field when the tip is 
engaged with the surface. 
16. Adjust the Drive On % and frequency range until significant frequencies are observed. 
17. Compare resonance frequency spectra acquired with or without the tip in contact with 
surfaces. When the tip engages the surface, the natural resonance frequency slightly shifts.  
18. Select the resonance frequency for IMM by left clicking the resonance peak maximum. 
19. Check the Active check box in the AFM AC Mode Frequency Plot window. 
20. Start to acquire IMM images and adjust the Integral (I) Gain, the Proportional (P) Gain 
and the Force Setpoint like regular contact mode AFM. 
21. To optimize the driving frequency for IMM imaging, scanning pre-resonance, on-resonance 
and post-resonance should be a protocol for every experiment. 
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